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RÉSUMÉ 
La morphogenèse des tissus est essentielle pour le développement des métazoaires. 
Elle requiert une coordination d'évènements cellulaires variés, tels que l'adhésion, la 
migration et le remodelage du cytosquelette d'actine, qui dépendent de la régulation 
des GTPases Rho. La compréhension des évènements morphogénétiques est un 
problème multi-échelle qui se traduit par une intégration des niveaux moléculaire, 
cellulaire, tissulaire et organique. En outre, faire le lien entre les réseaux de régulation 
protéique et la morphogénèse reste un défit majeur. Le nématode Caenorhabditis 
elegans est un modèle de choix dans l'étude du développement embrymmaire et de la 
morphogenèse. 
Au laboratoire, nous étudions l'élongation embryonnaire du C. elegans, une étape 
tardive du développement qui pennet à l'embryon ovoïde d'acquérir sa forme de ver. 
Spécifiquement, je me suis intéressé à l'étape précoce de l'élongation embryonnaire. 
Cette étape est dirigée par la contraction des filaments d'actine-myosine au pôle 
apical des cellules latérales de l'épiderme. Selon le modèle accepté au début de mes 
travaux, les cellules ventrales et dorsales sont dans un état relâché pendant toute 
l'élongation précoce. Deux voies de signalisation redondantes dirigent la contraction 
du cytosquelette, la voie mel-11/let-502 et la voie pak-1 . Afin de mieux caractériser 
les voies contrôlant 1' élongation précoce, nous avons développé des méthodes 
pennettant l'analyse des embryons à l'échelle de l'organisme ainsi qu 'à l' échelle 
cellulaire. Ces analyses nous ont révélé que PIX-1 /P-PIX, une GEF pour les GTPases 
Rac et Cdc42, contrôle l'élongation précoce dans la voie PAK-1 , en parallèle de la 
voie MEL-11/LET-502. Elles ont aussi montré que PIX-1 et PAK-1 régulent 
principalement la réduction de la largeur de la tête à ce stade, alors que LET-502 
contrôle la réduction de la largeur de la tête et de la queue de l' embryon. 
Spécifiquement, PIX-1 et P AK-1 régulent le remodelage des jonctions apicales et la 
formation de lamellipodes polarisés dans les cellules dorsales antérieures. LET -502 
contrôle le remodelage des jonctions apicales et la morphologie de protrusions de 
type amiboïde dans les cellules latérales. Cette étude révèle donc que 1 'adoption d'un 
programme pix-1/pak-1 ou let-502 par la cellule définit son comportement et sa 
morphologie au cours de l'élongation. Enfin, nous avons montré que la dominance 
cellulaire d'un programme est contrôlée par l'antagonisme entre pix-1/pak-1 et let-
502 . 
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En conclusion, ce travail démontre que les voies pix-1/pak-1 et let-502 agissent de 
façon redondantes et synergiques à 1' échelle de 1' organisme, et antagonistes à 
l' échelle cellulaire. Ce travail apporte des modifications majeures au modèle 
précédemment établi permettant d'expliquer la base moléculaire de l'élongation 
embryonnaire précoce du C. elegans. 
MOTS-CLÉS: 
GTPases Rho, morphogenèse, épidem1e, C. elegans, PJX, P AK 
ABSTRACT 
Tissue morphogenesis is essential for metazoan development. It requires coordination 
of multiple cellular events sucb as adhesion, migration and actin remodeling, whicb 
are dependent of Rho GTPases regulation. Understanding morphogenie events is a 
multiscale problem that involves the understanding of molecular processes at both 
cellular and tissue levels. The morphological simplicity of the epidennis of 
Caenorhabditis elegans embryos makes this system an ideal model to study the 
molecular and signaling events that control epidermal morphogenesis. 
I focused my research work on a late stage of C. elegans embryonic development, 
called embryonic elongation. This stage allows the transformation of an ovoid 
embryo into a vermiform larva. This step is known to be driven by the contraction of 
acto-myosin bundles at the apical pole of the lateral epidermal cells, while ventral and 
dorsal cells are in relaxed state. Two parallel and redundant pathways control this 
contraction, the mel-11/let-502 and the pak-1 pathways. During my PhD, we 
demonstrated that PIX-1/P-PIX, a Rac- and Cdc42-specific GEF, regulates early 
elongation in the PAK-1 pathway and in parallel with MEL-11 /LET-502. To better 
characterize these pathways, we developed novel methods to characterize 
morphogenie processes at the organism as well as the cell levels . Applying these 
methods to early elongation revealed that PIX-1 and PAK-1 mainly control the 
reduction of the head width of the embryos, while LET -502 regulates their head and 
the tail width. When characterized at a single celllevel, PIX-1 and PAK-1 were found 
to regula te apical junction remodeling and production of polarized lamellipodia from 
dorsal an teri or cells towards their lateral neighbors. In addition, LET -502 was found 
to control remodeling of apical junctions between lateral cells and morphology of 
amoeboid-like protrusion produced by these cells towards their dorsal neighbors. This 
study revealed that adoption of a pix-1/pak-1 or a let-502 program by cells defines 
their behavior and morphology during early elongation. Finally, we showed that the 
adoption of a specifie program is controlled by the pix-1/pak-1 and let-502. 
In conclusion, this work showed that the pix-1 lpak-1 and let-5 02 pathways act in a 
redundant and synergistic manner at the organism level, while being antagonistic at a 
single cell level. This work also brought major modifications compared to the 
previously accepted model, allowing a better spatial characterization of molecular and 
cellular events controlling early embryonic elongation in C. elegans. 
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CHAPITRE 1 
INTRODUCTION 
1.1 Introduction générale 
La détem1ination de la forme et de la structure des tissus et des organes, aussi appelée 
morphogenèse, est cruciale pour le développement des métazoaires. Ce mécanisme 
dépend d' évènements cellulaires variés tels que le changement de fonne des cellules, 
l'adhésion et la migration. Tous ces évènements sont finement régulés, en réponse à 
des stimuli externes chimiques ou mécaniques, par des voies de signalisation 
intracellulaire. Les membres de la famille des GTPases Rho jouent un rôle essentiel 
dans cette transduction du signal. Ils vont notanunent contrôler le remodelage du 
cytosquelette d' actine, le trafic vésiculaire et 1 'adhésion cellule-cellule et cellule-
substrat (Etienne-Manneville et Hall, 2002). La compréhension des évènements 
morphogéniques est cependant un problème multi-échelle qui se traduit par une 
intégration des niveaux moléculaires, cellulaires, tissulaires et organiques. Le lien 
entre la régulation des protéines de signalisation et la morphogénèse n'est toujours 
pas complètement compris. 
Les modèles eucaryotes unicellulaires et les cellules d'organismes multicellulaires en 
culture sont de bons modèles pour étudier le comportement des cellules en isolation 
ou en conununauté homogène. Cependant, 1 'étude des mécanismes cellulaires 
impliqués dans le développement embryonnaire pennet de mieux comprendre le 
comportement de ces cellules dans leur contexte tissulaire, leurs interactions avec 
d' autres types cellulaires et avec leur environnement en trois dimensions . Le 
nématode Caenorhabditis elegans possède des qualités remarquables qui en font un 
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modèle clé dans l'étude du développement embrymmaire et de la morphogenèse. 
C'est en effet un organisme pluricellulaire simple, facile à manipuler génétiquement 
en laboratoire, dont le temps de génération est court (environ 2-3 jours, Figure l.l) et 
la progénie nombreuse. La simplicité et la transparence de ce modèle ont, en outre, 
permis de suivre son développement embryonnaire par microscopie et d' identifier le 
lignage cellulaire complet de 1' organisme en développement, du stade une cellule au 
stade adulte (959 cellules pour un hermaphrodite adulte) (Sulston et Horvitz, 1977 ; 
Kim ble et Hirsh, 1979 ; Sulston et al. , 1983). De plus, les études génétiques utilisant 
des mutants ayant des anomalies développementales ont permis d'identifier et de 
caractériser de nombreux gènes impliqués dans le développement embrymmaire. 
Young adult 
(900-940 ~tm) 
L /adu t malt ....... . 10h/ 
L3/L
4 
molt ···r···· ' up to 4 months 
Shr ~ 
Dauer (400 11m) 
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L.2JL3 mol! •· ··•·•• 
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~ l 
L1'1.2 molt 
Bne51Wnofood 
t 
Hatchmg 
lntroAg6 
Figure 1.1 : Cycle de vie du C. elegans à 20°C. 0 minute correspond à la fertilisation. Les 
nombres en bleu indiquent la durée de temps pour passer au stade suivant. La longueur de 
l'animal à chaque stade est indiquée entre parenthèse à côté du nom du stade. Figure extraite 
du Wonnatlas. 
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De nombreux processus développementaux sont conservés entre les nématodes et les 
mammifères ; 40% des gènes humains ont en effet un très proche homologue chez le 
nématode (Shaye et Greenwald, 2011). Spécifiquement, les GTPases Rho identifiées 
dans le génome du C. elegans présentent 60 à 90% d' identité de séquence protéique 
avec leur plus proche homologue chez l'homme. Ceci fait du C. elegans un modèle 
de choix pour étudier la fonction de ces protéines dans le contrôle du développement 
embryonnaire et de la morphogenèse des tissus et organes. 
1.2 La morphogenèse épithéliale 
1.2.1 Principes généraux 
Un épithélium se définit à la fois cmm11e une barrière de protection de l'organisme 
multicellulaire contre le milieu extérieur, et comme une interface favorisant les 
échanges entre deux milieux chimiques différents. Il se compose d'une ou plusieurs 
couches de cellules polarisées, étroitement connectées les unes aux autres et à la 
matrice extracellulaire (MEC) par divers complexes jonctionnels. Au cours du 
développement, les épithéliums subissent des transformations pour passer d'une 
couche cellulaire en deux dimensions en une architecture tridimensiom1elle formant 
ainsi les tissus et les organes : c'est ce que l' on appelle la morpho genèse épithéliale. 
Les mécanismes de morphogenèse épithéliale peuvent être classés en quatre groupes 
majeurs . On distingue ainsi : (i) les modifications de forme cellulaire où chaque 
cellule individuelle réorganise son cytosquelette, entraînant un remodelage du tissu 
épithélial sans pour autant modifier la position relative des cellules ; (ii) 
l'intercalation cellulaire et la fusion qui implique un changement de position des 
cellules les unes par rapport aux autres au sein du tissu ; (iii) la migration cellulaire 
impliquant le déplacement d'une ou d'un groupe de cellules dans le tissu, et (iv) la 
division cellulaire et la mort cellulaire dont la régulation spatio-temporelle joue un 
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rôle important dans la formation des tissus (Fristrom, 1988 ; Schock et Perrimon, 
2002b ; Pilot et Lecuit, 2005 ; Quintin et al., 2008). L'ensemble de ces processus 
implique un remodelage du cytosquelette des cellules impliquées, ainsi que de leurs 
jonctions cellule-cellule et cellule-substrat. 
1.2.2 Les jonctions cellulaires 
Différents types de complexes jonctionnels sont impliqués dans l'interaction d'une 
cellule épithéliale avec ses voisines et avec la MEC. Du pôle apical au pôle basal, on 
distingue, chez les vertébrés (Figure 1.2) : (i) les jonctions serrées qui assurent 
l'étanchéité de l 'épithélium empêchant ainsi aux fluides de s'infiltrer entre les 
cellules; (ii) les jonctions adhérentes qui fonnent une ceinture d'adhérence enh·e 
chacune des cellules ; (iii) les desmosomes qui sont également des structures 
adhésives et qui servent d'ancrage aux filaments intennédiaires ; (iv) les jonctions 
communicantes qui permettent l 'échange de petites molécules entre les cellules, et 
enfin (v) les points de contact entre la cellule et la MEC (hémidesmosomes et 
complexes d'adhésion focale) (Giepmans et van Ijzendoom, 2008). Les jonctions les 
plus étudiées dans l 'étude de la morphogenèse épithéliale sont les jonctions 
adhérentes et les adhésions focales. 
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p1ca1 surface 
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Focal adhesion Hemidesmosome 
Figure 1.2 : Les jonctions cellulaires épithéliales chez les mammifères. Les cellul es 
épithéliales sont connectées entre elles par divers complexes jonctionnels. Du pôle apical au 
pôle basal sont retrouvés : les jonctions serrées, les jonctions adhérentes et les desmosomes. 
A la membrane basale, les cellules adhèrent à la matrice extracellulaire par l ' intermédi aire 
des hémidesmosomes et des complexes d'adhésion focale. Figure extraite de Jefferson et al. , 
2004. 
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Les jonctions adhérentes sont des structures apicales ayant plusieurs fonctions , dont 
entre autres la stabilisation de l' adhésion cellule-cellule et la régulation du 
cytosquelette d' actine. Ces jonctions impliquent des protéines intrinsèques 
(transmembranaires) , les cadhérines, et plus pmiiculièrement la cadhérine épithéliale : 
E-cadhérine. Le domaine extracellulaire de cette protéine établi une interaction 
homotypique avec celui des cadhérines situées dans la membrane plasmique de la 
cellule voisine (Gumbiner, 2000). Son domaine intracellulaire interagit avec la p120-
caténine et la ~-caténine, formant ainsi le complexe cadhérine-caténine. Ce complexe 
est ensuite capable d' interagir avec les filaments d'actine (F-actine), les microtubules, 
et leurs régulateurs. L'interaction spécifique avec la F-actine, se fait par 
1' intermédiaire de l' a-caténine qui elle-même interagit avec la fom1ine, la vinculine et 
l'EPLIN (Figure 1.3) (Watabe-Uchida et al., 1998 ; Kobielak et al., 2004 ; Abe et 
Takeichi, 2008 ; Meng et Takeichi, 2009). Sous l ' action de certaines protéines, ou en 
réponse à une force appliquée sur la jonction, les protéines impliquées dans les 
jonctions adhérentes régulent l 'organisation et la contraction des filaments d 'actine-
myosine ainsi que la structure des jonctions (Baum et Perrimon, 2001 ; Perez-Moreno 
et al. , 2003 ; Drees et al. , 2005 ; le Duc et al., 2010 ; Yonemura et al. , 2010 ; Baum et 
Georgiou, 2011). La régulation des E-cadhérines et de l'organisation du cytosquelette 
d'actine par les GTPases Rho sera détaillée dans la section 1.3 .3. Au pôle basal de la 
cellule se trouvent des points d'ancrage entre les cellules et la MEC. Les complexes 
jonctimmels impliqués dans cet ancrage dépendent des intégrines et sont de deux 
types : les hémidesmosomes et les complexes d' adhésion focale (CAFs), qui se lient 
respectivement, du côté cytosolique, aux filaments intermédiaires et au cytosquelette 
d'actine. Les CAFs sont d 'un intérêt tout particulier dans la morphogenèse car ils 
peuvent passer d'un état hautement dynamique et faiblement adhérent, favorisant la 
migration cellulaire, à un état faiblement dynamique et fmtement adhérent, favmisant 
la stabilité. (cf section 1.5.2.1). La plasticité observée au niveau de ces jonctions 
implique le remodelage du cytosquelette d'actine d'une façon similaire à ce qui est 
observé pour les jonctions adhérentes . 
........................ 
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Figure 1.3 : Structu re du complexe cadhérine-caténine. Les jonctions adhérentes facilitent 
l ' adhésion cellule-cellule via une interaction homotypique entre des molécules d'E-cadhérine 
se trouvant sur des cellules adjacentes. Le complexe cytoplasmique composé de l'u-caténine, 
la ~-caténine et la p120-caténine (p120) lie les homodimères d 'E-cadhérine au cytosquelette 
d ' actine et aux protéines associées à l' actine (en violet sur le schéma). Figure extraite de 
Baum et Georgiou, 2011. 
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1.2.3 Les modifications de forme cellulaire 
Les processus les plus étudiés de la morphogenèse épithéliale sont ceux impliquant 
un changement de fom1e des cellules. Différents types de mécanismes ont été 
caractérisés dans le cas où le changement de forme affecte uniquement un pôle de la 
cellule (apical ou basal) ou s ' il suit une polarité planaire. 
Le premier changement qui peut s'opérer est l'aplatissement (jlattening) et, à 
l' inverse, la « colonnarisation » (columnarization) des cellules (Figure 1.4). 
L'aplatissement des cellules se caractérise par un rétrécissement de la cellule dans 
son axe apico-basal (le long de la membrane latérale) et par une augmentation de la 
surface apicale et basale de cette même cellule, augmentant ainsi la surface globale de 
1 'épithélium ; la « colonnarisation » à 1' effet inverse. Ces deux changements sont 
retrouvés de façon simultanée au niveau de deux populations de cellules épithéliales 
au cours de l'ovogenèse de Drosophila melanogaster (Deng et Bownes, 1998 ; 
Dobens et Raftery, 2000 ; Wu et al. , 2008 ; Kolahi et al. , 2009 ; Baum et Georgiou, 
2011 ). En effet, entre les stades 8 et 10 du développement ovarien, les cellules 
folliculaires, initialement cuboïdes, subissent des changements morphogéniques 
majeurs. Le sous-groupe de cellules folliculaires postérieures, qui recouvre l'ovocyte, 
acquiert une morphologie en colonne. Cette « colom1arisation » est principalement 
imputée à l 'activité du complexe actine-myosine au pôle apical de ces cellules 
(Zamescu et Thomas, 1999 ; Wang et Riechmarm, 2007). Dans le même temps, les 
cellules les plus antérieures s'aplatissent pour s ' adapter au déplacement des cellules 
nourricières de la lignée germinale au cours de la croissance de l'ovocyte (Figure 
1.4B) (Kolahi et al., 2009). 
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Figure 1.4 : Aplatissement et formation en colonne des cellules épithéliales. (A) 
Représentation schématique de l'aplatissement et de la « colonnarisation » des cellules. (B) 
Images, en coupe sagittale, des stades 8, 9 et 1 OA du développement de la chambre ovarienne 
de Drosophila melanogaster, marquées pour 1 'E-cadhérine. Sont retrouvées : les cellules 
nourricières (NC), 1 'ovocyte (0), et les cellules fo lliculaires (FC) formant la paroi. Ces 
dernières, initialement cuboïdes au stade 8, subissent des changements morphologiques 
jusqu 'au stade 1 OA où deux populations différentes sont présentes : des cellules squameuses 
et des cellul es en colonne. Figures extraites de Schock et Perrimon, 2002b ; Kolahi et al. , 
2009. 
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La deuxième modification pouvant avoir lieu est l' élongation des cellules dans leur 
plan apical (x-y). Ce changement se caractérise par un raccourcissement des 
membranes dans un axe (x) et l'allongement des membranes dans l'autre axe (y) 
(Figure 1.5A). L'élongation des cellules épithéliales aboutit en général à l 'élongation 
du tissu. C'est un mécanisme que l'on retrouve notamment pendant l'élongation 
embryonnaire du C. elegans. A ce stade, les cellules de l'épiderme réduisent en taille 
dans l'axe dorso-ventral et s'allongent dans l 'axe longitudinal, entraînant ainsi une 
réduction du diamètre de l'embryon et une augmentation de sa longueur pour acquérir 
sa forme définitive de ver (Priess et Hirsh, 1986) (Figure 1.5B). 
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... --~~~~ 
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basal 
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Figure 1.5 : Elongation et rétrécissement des cellules épithéliales . (A) Représentation 
schématique de l'élongation et du rétrécissement cellul aire. (B) L 'élongation embryonnaire 
du C. elegans. (a-c) Vue latérale d'un embryon de C. elegans au début de l' élongation 
précoce (a) , au stade 2-fold (b) et 3-fold (c) , marqué avec un anticorps contre la protéine 
jonctionnelle AJM-1 ::GFP. (d-f) Dessin des images montrées en (a-c). L 'étoi le indique la 
même cellule aux différents stades. Figures extraites de Schock et Perrimon, 2002b ; Ciarletta 
et al., 2009. 
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Ce mécanisme est dû d'une part à la contraction des filaments d' actine-myosine dans 
les cellules latérales de l' épiderme (Shelton et al. , 1999 ; Piekny et al., 2003 ; Diogon 
et al., 2007 ; Gally et al., 2009; Chan et al. , 2015) (voir section 1.4.3), et d'autre part 
à la mécano-transduction entre les cellules de l'épiderme et les muscles sous-jacents 
(Zhang et al., 2011). L 'ensemble de ces processus est régulé par les GTPases Rho. Le 
phénomène inverse de raccourcissement est observé chez D. melanogaster lors de la 
régression de la bandelette germinative (BG) par exemple (Schock et Perrimon, 
2002a ; Lynch et al. , 2013). Ce processus semble également faire intervenir le 
remodelage du cytosquelette d'ac tine et la modulation de la contraction de la 
myosine, et implique les GTPases Rho (Schock et Perrimon, 2002a). 
Autre modification de forme cellulaire, l' invagination est un mécanisme 
fréquemment observé au cours de l'embryogenèse et de l'organogenèse chez les 
animaux. Nous la retrouvons lors de la fonnation du tube neural et de la 
morphogenèse de la placode cristallinienne et otique chez la souris, mais aussi lors de 
la gastrulation de la drosophile. Au cours de ce demier processus, certaines cellules 
subissent une constriction de leur pôle apical entraînant la formation d'une 
« gouttière » au sein de 1' épithélium (Lep tin et Grunewald, 1990 ; Sawyer et al. , 2010 
; Martin et Goldstein, 2014 ; Chauhan et al., 2015 ; Kondo et Hayashi, 2015) (Figure 
1.6). Cette constriction est majoritairement due à la contraction pulsatile de la 
myosine (Mmtin et al. , 2009 ; Borges et al. , 2011 ; Plageman et al. , 2011 ), elle-même 
régulée par une compmtimentalisation des GTPases Rho, RhoA et Racl , et de leurs 
régulateurs le long de l 'axe api co-basal des cellules subissant la déf01mation (Simoes 
et al. , 2006; Chauhan et al. , 2011) (voir section 1.3.4.2 pour une description détaillée 
de cet antagonisme). 
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Figure 1.6 : Invagination des cellules épithéliales . (A) Représentation schématique de 
1 ' invagination cellulaire. (B) Coupe transversale d'un embryon de D. melanogaster en cours 
de gastrulation illustrant le phénomène d'invagination au cours de la morphogenèse 
(marquage membranaire). Figures extraites de Schock et Perrimon, 2002b et de la page 
Internet d'Eric Wieschaus. 
1.2.4 L' intercalation cellulaire 
Un grand groupe de modifications menant à la morphogenèse épithéliale implique le 
repositionnement des cellules les unes par rapport aux autres comme par exemple au 
cours de l ' intercalation cellulaire. Ce processus entraîne une élongation du tissu dans 
un axe et un rétrécissement dans l'axe orthogonal (Figure 1.7). 
L' intercalation cellulaire est associée à un remodelage actif des jonctions adhérentes. 
On retrouve de l' intercalation de cellules épithéliales au cours de l'extension de la 
bandelette genninative de la drosophile, lors de la formation des tubes épithéliaux 
dans la formation de la cochlée de la souris, ou encore du rein du xénope (Walck-
Shannon et Hm·din, 2014). Si l'on considère le plan apical des cellules épithéliales, 
cm·actérisé par deux axes perpendiculaires x et y, leur intercalation implique un 
rétrécissement puis une disparition des jonctions situées le long de l'axe x (verticales) 
et une création de jonctions le long de l'axe y (horizontales), le long duquel de fait 
l'élongation du tissu (Figure 1.7A). 
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Figure 1.7: L'intercalation cellulaire. (A) L ' intercalation cellulaire au cours de 
1 'élongation de la bandelette germinative chez D. melanogaster est associée à un remodelage 
actif des jonctions apicales (marquage à l'E-cadhérine) et dépend de la contraction de la 
myosine Il. (B) La fonnation des protrusions basolatérales dirige 1' intercalation dorsale du C. 
elegans et dépend de la GTPase Racl , de son effecteur W AVE et du complexe de nucléa ti on 
de l'actine ARP2/3. Figures extraites de Bertet et al., 2004 ; Walck-Shannon et Hardin, 2014. 
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Ce processus a été particulièrement bien étudié chez la drosophile au cours de 
l'extension de la bandelette genninative. Dans ce système, la réduction de taille des 
jonctions verticales est engendrée par la contraction du système actine-myosine, elle-
même associée à une accumulation polarisée de la myosine, de l' actine et de leurs 
régulateurs/activateurs au niveau de ces jonctions (Be11et et al., 2004 ; Rauzi et al. , 
2008 ; Rauzi et al. , 2010). Les jonctions horizontales accumulent des protéines 
jonctionnelles (Bertet et al., 2004 ; Zallen et Wieschaus, 2004 ; Blankenship et al. , 
2006), un processus qui apparaît étroitement lié à l' endocytose de ces protéines aux 
jonctions ve11icales (Levayer et al. , 2011 ; Levayer et Lecuit, 2013). Ces mécanismes 
d 'endocytose et de contraction, qui permettent respectivement de réduire l 'adhésion 
et la taille des jonctions verticales, et qui mènent à 1 ' intercalation cellulaire, semblent 
eux-mêmes régulés par des voies de signalisation impliquant la GTPase RhoA, son 
régulateur Rho GEF2, et son effecteur ROCK (Rho-associated protein kinase) 
(Levayer et al., 2011 ). 
Il est important de noter que, dans certains modèles cellulaires et développementaux, 
l'intercalation des cellules dépend de la production de protrusions basolatérales. C'est 
le cas de l' intercalation dorsale des cellules de l'hypoderme des embryons de C. 
elegans (Figure 1.7B ; Williams-Masson et al., 1998 ; Walck-Shmmon et al., 2015). 
Dans ce système, les cellules produisent des protrusions de façon polarisée 
(Williams-Masson et al. , 1998 ; Walck-Shannon et al. , 2015). Ces protrusions, 
hautement dynamiques, dépendent d'une signalisation impliquant les GTPases CED-
10/Rac et MIG-2/RhoG, leur régulateur positif UNC-73/Trio, et leurs effecteurs 
respectifs WVE-1/WA VE (WASP-family verprolin-homologous protein) et WSP-
1/WASP (Wiskott-Aldrich syndrome protein). La polarisation de ces protrusions 
semble dépendre d'un régulateur négatif de Trio, CRML-1/CARMIL (Capping 
Arp2/3 Myosin I Linker) , qui s 'accumule aux membranes latérales où il inhibe toute 
activité protrusive (Walck-Shannon et al. , 2015). Comment ce mécanisme est couplé 
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à la réorganisation des jonctions adhérentes au cours de l' intercalation est encore 
mconnu. 
Ces mécanismes d' intercalation médiolatérale décris ci-dessus sont les mécanismes 
d' intercalation les mieux compris à ce jour. Il est imporiant de noter qu ' il existe un 
autre type d' intercalation, nommé intercalation radiale, au cours de laquelle les 
cellules se repositionnent dans l 'épaisseur d'un épithélium multicouche, et qui mène, 
par exemple, à l'épibolie (Solnica-Krezel et Sepich, 2012 ; Walck-Shannon et Hardin, 
2014) (Figure 1.8A). De plus, des processus reminiscents de l'intercalation cellulaire, 
et qui dépendent du remodelage des jonctions adhérentes, peuvent intervenir dans la 
morphogenèse. Il s'agit des phénomènes de fusion, d' ingression et d 'égression 
(Figure 1.8B), mais ils ne seront pas détaillés ici. 
A Radial 
intercalation 
8 
ingression 
egression 
Figure 1.8: Mécanismes d'intercalation radiale, d'ingression et d'égression. (A) 
Représentation schématique de l' intercalation radiale dans laquelle deux couches cellulaires 
s'intercalent, aboutissant à une couche cellulaire unique plus étalée. (B) Représentation 
schématique des mécanismes d' ingression et d'égression cellulaire. Figures extraites de 
Schock et Perrimon, 2002b; Solnica-K.rezel et Sepich, 2012. 
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1.2.5 La migration cellulaire 
La morphogenèse peut également impliquer la migration collective et coordonnée des 
cellules dans le plan apical de l'épithélium. Cette migration implique le maintien des 
jonctions entre les cellules de l'épithélium. Cette migration collective est par exemple 
retrouvée dans la formation et la régénération de la peau, dans le développement des 
tubules et des glandes (ex. : fonnation de la trachée et des glandes salivaires chez D. 
melanogaster (Samakovlis et al. , 1996 ; Pirraglia et Myat, 2010)), et également au 
cours de la fenneture dorsale de la drosophile ou de la fermeture ventrale du 
nématode (Williams-Masson et al. , 1997 ; Jacinto et al. , 2002). La migration 
collective requiert une coordination entre les mécanismes d'adhésion cellulaire -
cellule-matrice extracellulaire via les intégrines, et cellule-cellule via les cadhérines -
, le remodelage du cytosquelette d'actine, et le maintien de la polarité apico-basale 
des cellules. La migration collective de cellules épithéliales nécessite également un 
contrôle et une adaptation aux forces mécaniques appliquées au niveau des différentes 
jonctions et permettant une coordination des mouvements cellulaires au sein de la 
colonie en cours de migration. Ce processus est appelé mécano-couplage entre les 
cellules. Ces processus sont régulés de façon spatio-temporelle par les GTPases Rho, 
en particulier RhoA, Racl et Cdc42, leurs régulateurs et leurs effecteurs (revue de 
Zegers et Friedl, 2014). 
1.2.6 La division cellulaire et la mort cellulaire 
Le dernier groupe de mécanismes contribuant à la morphogenèse est la division et la 
mort cellulaire. Dans la plupart des cas, la division cellulaire est incompatible avec 
les autres mécanismes de morphogenèse, cependant, elle peut parfois y contribuer 
comme c' est le cas pour le développement d'organes tubulaires, tels que les poumons 
et le rein par exemple (Lechner et Dressler, 1997 ; Muglia et al. , 1999). La mort 
cellulaire par apoptose est, quant à elle, plus souvent associée aux mécanismes de 
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morphogenèse. Elle est retrouvée chez les mammifères pour l'individualisation des 
doigts (Mori et al., 1995). On la retrouve également au cours de la fermeture du tube 
neural des vertébrés et dans la formation des articulations chez la drosophile (Weil et 
al., 1997 ; Manjon et al., 2007). Son rôle ne se limite pas uniquement à éliminer des 
cellules afin, par exemple, de générer des canaux dans un processus de tubulogenèse . 
En effet, il a récemment été montré que les cellules apoptotiques peuvent induire de 
la tension dépendante de la myosine à la surface apicale de l 'épithélium au cours de la 
formation de la patte de la drosophile, et que cette tension entraîne la formation d'un 
pli dans 1 'épithélium entraînant, à terme, une articulation fonctionnelle (Monier et al., 
2015; Monier et Suzanne, 2015). 
1.3 Les GTPases Rho 
1.3 .1 Généralités 
La famille des GTPases Rho est une famille de petites protéines G (20 - 25 kDa) 
appartenant à la superfamille des Ras, laquelle compte environ 150 membres. Chez 
les mammifères, on dénombre 20 GTPases Rho, toutes documentées pour leur rôle 
dans la régulation du cytosquelette d 'actine. Panni elles, douze sont considérées 
comme des GTPases « classiques », et les huit autres sont décrites comme 
«atypiques» puisqu 'elles ne sont pas activées et régulées de façon traditionnelle 
(Figure 1.9 ; Heasman et Ridley, 2008). Dans cette section, seules les GTPases 
classiques seront décrites et plus particulièrement les trois GTPases les mieux 
caractérisées RhoA, Racl et Cdc42. 
Les GTPases Rho sont des protéines de signalisation qui régulent un nombre 
important de processus cellulaires tels que l'organisation du cytosquelette d'actine et 
des microtubules, l'expression génique, et le trafic vésiculaire. Ces protéines agissent 
comme des interrupteurs moléculaires et existent sous deux états distincts. D 'une part 
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un état actif lié au GTP dans lequel elles interagissent avec leurs effecteurs afin de 
transduire des signaux reçus de facteurs de croissance, de cytokines et de molécules 
d 'adhésion. D 'autre part, une conformation inactive liée au GDP, et dans laquelle 
elles ne sont pas capables d' interagir avec leurs effecteurs. Le cycle des GTPases 
entre ces deux états est étroitement régulé au sein des cellules afin d 'assurer la 
fonction de signalisation de ces protéines. 
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Figure 1.9 : Classification des Rho GTPases. Arbre phylogénique basé sur 1 'alignement de 
la séquence protéique des 20 GTPases Rho. Figure extraite de Heasman et Ridley, 2008 . 
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1.3.2 Régulation des GTPases Rbo 
De façon classique, les GTPases Rbo cyclent entre un état actif (lié au GTP) et inactif 
(lié au GDP). Ce cycle GDP-GTP est finement régulé par trois familles de protéines. 
Les «guanine nucleotide-exchange factors » (GEFs) sont des régulateurs positifs des 
GTPases qui catalysent l'échange du GDP en GTP en réponse à un stimulus externe 
et ainsi activent les GTPases. Les « GTPase-activating proteins » (GAPS), à 
l' inverse, stimulent l' activité intrinsèque d'hydrolyse du GTP des petites protéines G, 
les rendant inactives. Enfin, les «guanine nucleotide-dissociation inhibitors » (GDis) 
inhibent 1 'activation des GTPases en les séquestrant dans un état inactif dans le 
cytoplasme (Figure 1.1 0) (Van A elst et Symons, 2002 ; Tcherkezian et Lamarche-
Vane, 2007). 
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Figure 1.10 : Régulation des Rho GTPases. Les GTPases Rho sont finement régulées par 
les GEFs, les GAPs et les GDis qui entraînent respectivement leur activation (état lié au 
GTP), leur inactivation (état lié au GDP), et leur séquestration sous la fonne inactive dans le 
cytoplasme. Figure adaptée de Heasman et Ridley, 2008. 
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Ces trois familles de régulateurs jouent un rôle important dans 1 'activation spatio-
temporelle des GTPases Rho, c'est pourquoi elles doivent également être régulées. La 
régulation de l'activité catalytique des GEFs et des GAPs peut impliquer un domaine 
d' autoinhibition contenu dans la structure primaire de la protéine. Ce type de domaine 
est retrouvé dans la GEF Vav1 (Aghazadeh et al., 2000) ou dans la GAP a-chimaerin 
(Ahmed et al. , 1993). L'activité de ces protéines peut aussi être régulée par 
phosphorylation comme observée pour Cd GAP, dont la phosphorylation inhibe son 
activité catalytique (Tcherkezian et al., 2005). La régulation de la localisation 
subcellulaire des GEFs et GAPs, et particulièrement leur adressage aux membranes 
biologiques via leur interaction avec d'autres molécules de signalisation, peut 
également contrôler leur activité catalytique. C'est par exemple le cas de la GEF 
Tiam1 qui se localise exclusivement aux adhésions cellule-cellule via son interaction 
avec la protéine de polarité Par3 , et qui permet une activation de Racl spatialement 
restreinte (Mertens et al. , 2005). Les GTPases Rho peuvent aussi être régulées par des 
processus contrôlant leur adressage aux membranes. Cet adressage nécessite une 
modification post-traductionnelle consistant en un ajout d'un groupement géranyl-
géranyl ou famesyl en C-terminal de la protéine (Casey et Seabra, 1996 ; Winter-
Vaml et Casey, 2005). Cet ajout permet, à terme, leur passage du cytosol à la 
membrane cible. Dans ce contexte, les Rho GDis jouent un rôle important car elles 
peuvent séquestrer le groupement lipidique dans une poche hydrophobe et ainsi 
disloquer les GTPases des membranes (Bustelo et al. , 2007). Un autre niveau de 
contrôle peut être exercé sur les GTPases Rho, il s'agit de la régulation 
transcriptiom1elle (Bustelo et al. , 2007). Dans ce cas-ci, les GTPases sont soit 
exprimées dans un type cellulaire spécifique, ou alors leur expression dépend d'un 
stimulus. A titre d'exemple, alors que Racl est ubiquitaire, Rac2 est exprimée 
uniquement dans les cellules hématopoïétiques (Didsbury et al. , 1989) et Rac3 dans 
les neurones et le système nerveux central (Bolis et al. , 2003), restreignant ainsi leur 
activité. 
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1.3.3 Fonctions des GTPases Rho 
1.3 .3 .1 Principales fonctions des GTPases Rho 
Une fois transloquées à la membrane et activées, les GTPases Rho peuvent exercer 
leur rôle sur une pléthore d'effecteurs incluant des kinases, des phosphatases, des 
lipases et des protéines liées à l' actine (Zhao et Manser, 2005; Bustelo et al., 2007). 
Cela leur confère un vaste champ d 'action sur bon nombre de processus cellulaires 
clés tels que la réorganisation du cytosquelette d'actine et des microtubules, 
l'expression génique et le trafic vésiculaire. Parce qu'elles régulent ces processus, les 
GTPases Rho contrôlent le cycle cellulaire, la division cellulaire, la différenciation, la 
migration, l ' adhésion, et donc tous les différents types de morphogenèse décrits 
précédemment. 
Le premier processus pour lequel les GTPases Rho ont été identifiées comme des 
régulateurs majeurs, et qui est d'un intérêt tout particulier dans ce travail , est la 
réorganisation du cytosquelette d 'actine. Au début des années 1990, les études 
menées sur des fibroblastes en culture par le groupe de Alan Hall ont permis 
d'identifier successivement RhoA, Racl, puis Cdc42 dans la régulation de la 
formation de trois structures dépendantes de la réorganisation des filaments d'actine : 
les fibres de stress, les lamellipodes et les filopodes (Ridley et Hall, 1992 ; Ridley et 
al. , 1992 ; Nobes et Hall, 1995). Depuis, de nombreuses études ont permis de mieux 
qualifier le rôle des GTPases Rho dans la réorganisation du cytosquelette d'actine et 
dans la morphogenèse. Dans les sections suivantes seront détaillés trois processus 
maJeurs : 
( 1) le remodelage des jonctions adhérentes, lesquelles sont des points d' ancrage 
essentiels de 1 ' ac tine. 
(2) le contrôle de la contraction des câbles d ' actine-myosine. 
(3) la régulation des différents types de protrusions, évènement essentiel à la mobilité 
cellulaire. 
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1.3.3.2 Le remodelage des jonctions adhérentes par les GTPases Rho 
Comme cela a été évoqué précédemment, les jonctions apicales jouent un rôle très 
important dans les processus morphogéniques. Les GTPases Rho sont des régulateurs 
essentiels à la fonnation, à la maintenance et au désassemblage de ces jonctions. 
ln vitro comme in vivo , l'étape initiale de la formation des jonctions réside dans 
l 'accumulation des E-cadhérines au niveau du contact primordial entre les cellules, et 
requiert l' activation de Racl et de Cdc42 (Figure 1.11) (Raich et al., 1999 ; Jacinto et 
al., 2000 ; Elu·Jich et al. , 2002 ; Kovacs et al., 2002 ; Lambert et al. , 2002). 
L 'activation des GTPases induit la polymérisation de l' actine grâce à une machinerie 
qui implique leur effecteurs WAVE, WASp et le complexe de nucléation de l'actine 
ARP2/3 (actin-related proteins ARP2 and ARP3). Elle induit aussi la formation de 
lamellipodes et de filopodes, favorisant ainsi la formation de nouveaux contacts 
jonctionnels entre les cellules voisines. Les GTPases Rho permettent également le 
remodelage local de la membrane et le recrutement de protéines cibles conune la 
cortactine ou la formine (Katsube et al., 1998 ; Kobielak et al. , 2004), favorisant ainsi 
l' extension de la zone de contact cellule-cellule. L'extension des jonctions est 
également assurée par Racl et Cdc42 via leur action sur la polymérisation de l' actine 
(Figure 1.11). Une GEF spécifique pour Racl , TIAM1 , a été montré essentielle à 
l'établissement des jonctions apicales, notanunent les jonctions serrées, dans les 
cellules épithéliales (Chen et Macara, 2005). D'autres GEFs, telles que Tuba, une 
GEF pour Cdc42, et Asef, une GEF pour Racl , ont aussi été montrées comme 
impliquées dans la fonnation des adhésions cellule-cellule (Kawasaki et al., 2003 ; 
Otani et al. , 2006) . L ' activation de Cdc42 par Dbl3 joue également un rôle impo1tant 
au cours de cette phase d'extension car elle permet la mise en place de la polarité 
apico-basale et l'extension apicale des jonctions via l'activation du complexe Par6-
aPKC (Zihni et al. , 2014) . 
F-actin 
bundling 
Actomyosin 
contractility 
Junctional 
tension 
Actin filaments 
E-cadherin 
lg-like CAMs 
Claudins/occludin 
Active GEFs 
Inactive GEFs 
GAPs PRIMORDIAL CONTACT 
EXPANDING JUNCTION 
Cingulin 
Decreased basal ~~ Paracingulin 
stress fibers T TJ 
~ 
Homeostatic ~~ 
junctional ~ 
tension ~ E-cadherin 
a-caten1n 
ZA 
MATURE JUNCTION 
JAM-A-
afadin ----;).•9 
E-cadheri n-~ac1 
a-ca te nin 
"'::IL 
··~s 
23 
A clin 
polymerization 
Junctional 
surface 
expansion 
Apico-basal 
polarity 
Junctional 
surface 
expansion 
Actin 
polymerization 
Homeostatic 
ac tin 
remodeling 
Junction 
architecture: 
maintenance and 
modulation 
Figure 1.11 : Assemblage et maturation des jonctions adhérentes . Schéma montrant les 
étapes de formation et de maturation des jonctions apicales (de haut en bas) dans les cellules 
épithéliales, ainsi que les différentes protéines impliquées dans ces processus. Les lignes et 
les flèches vertes et rouges représentent respectivement l'activation et l' inhibition. Les 
principaux effets de la régulation des Rho GTPases sur l 'organisation et la fonction du 
cytosquelette sont indiqués de part et d'autre du schéma. Figure extrai te de Citi et al., 201 4. 
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RhoA joue également un rôle important dans le processus d'extension et de 
stabilisation des jonctions. En effet, par l'intennédiaire des GEFs TEM4, 
ARHGEF11 , pl14RhoGEF et ECT-2, RhoA est activée au niveau des jonctions 
apicales où elle promeut un assemblage et une contraction des filaments d'actine-
myosine (Figure 1.11) (Teny et al., 2011 ; Itoh et al., 2012 ; Ratheesh et al., 2012 ; 
Ngok et al., 2013 ; Priya et al., 2013), deux mécanismes menés par deux effecteurs 
distincts . En effet, mDia (Diaphanous-related formin-1) pennet la nucléation de 
1 'actine alors que ROCK entraîne la contraction des câbles d'actine-myosine (Sahai et 
Marshall, 2002 ; Kobielak et al. , 2004). La contraction de ces filaments génère de la 
tension qui renforce, regroupe et stabilise les adhésions (Shewan et al. , 2005). 
Cependant, RhoA ne doit pas être suractivée car si la tension dépasse un certain seuil, 
cela provoque un désassemblage des jonctions (Sahai et Marshall, 2002). Une telle 
augmentation de tension dépendante d'une suractivation de RhoA a été, par exemple, 
associée à une transition morphologique de cellules épithéliales en culture 
(Bhowmick et al., 2001 ; Ta vares et al. , 2006 ; Cho et Yoo, 2007). Cette transition se 
caractérise par le passage d'une morphologie épithéliale à une morphologie 
mésenchymateuse, et est appelée transition épithélio-mésenchymateuse. 
Une fois que les jonctions sont établies et matures, d'autres protéines et régulateurs 
de GTPases Rho sont impliqués dans le maintien de ces jonctions, leur remodelage, et 
dans le contrôle de la tension à laquelle elles sont soumises. Cdc42 joue un rôle 
primordial dans cette régulation. Comme cela a été montré in vitro dans des cellules 
mammifères (Akhtar et Hotchin, 2001 ; Izumi et al. , 2004), et in vivo chez D. 
melanogaster (Georgiou et al. , 2008 ; Ranis et Tepass, 2008) et le C. elegans 
(Balklava et al. , 2007), l' activité de Cdc42, couplée à son rôle avec les protéines Par, 
est primordiale pour réguler l'endocytose des jonctions, et donc leur recyclage. 
Confim1ant ce point, certains effecteurs de Cdc42 sont décrits pour leur rôle dans la 
formation des vésicules d'endocytose et le trafic des E-cadhérines. On peut par 
exemple citer N-WASP/WASp, associée au complexe de nucléation de l'actine 
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Arp2/3 (Merrifield et al., 2004 ; Galletta et al., 2008), TOCA1/CIP4/FBP17 
(Kamioka et al., 2004 ; Leibfried et al., 2008 ; Fricke et al. , 2009) et PAK1 (Pirraglia 
et al., 2010). Le remodelage des jonctions adhérentes semblent aussi être couplé à la 
tension au cours de la morphogenèse. Chez la drosophile, il a par exemple été montré 
que l'accumulation de la myosine II est couplée à l'endocytose au niveau des 
jonctions qui rétrécissent (Figure 1.12) (Levayer et al., 2011 ; Yashiro et al., 2014). 
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Figure 1.12 : Remodelage des jonctions adhérentes chez D. melanogaster. Schéma 
récapitulatif de la séquence d ' évènements entrainant l'endocytose des E-cadhérines telle que 
décrite dans la section 1.3.3.2. Figure extraite de Levayer et al., 2011. 
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En effet, sous l'impulsion de RhoGEF2, RhoA active ROCK et mDia, ce qui entraîne 
un remodelage du cytosquelette d'ac tine et la contraction de la myosine II. Ces deux 
processus provoquent un regroupement local des E-cadhérines entraînant lui-même le 
recrutement de la machinerie d'endocytose clathrine-dépendante, puis leur 
internalisation (Levayer et al., 2011 ; Engl et al. , 2014) (Figure 1.12). Tout cela 
montre qu'il y a une interdépendance entre l'assemblage/désassemblage des jonctions 
apicales, la modulation de l' assemblage et de la contraction des filaments d' actine-
myosine, et les GTPases Rho. 
1.3.3.3 L' appareil contractile d'actine-myosine 
Conune cela vient d' être évoqué, une fois les jonctions assemblées, l'appareil de 
contraction actine-myosine se met en place et devient actif. Dans cette patiie du 
chapitre sera décrite la régulation de la contraction des filaments d'actine-myosine 
par les GTPases Rho. 
La contraction et le relâchement des filaments d' actine-myosine à lieu à travers la 
modulation de la phosphorylation des chaînes légères de myosine (MLC, myosin light 
chain) et est régulée par des kinases et une phosphatase (Figure 1.13). Cette 
phosphatase est un trimère composé d'une sous-unité catalytique PP1c8, d'une sous-
unité M20 et de la sous-unité MYPT qui confère la spécificité à la sous-unité 
catalytique. Son rôle est de déphosphoryler les chaînes légères de la myosine, 
d ' inhiber leur contraction et donc d'empêcher la génération de tension (Dent et al. , 
1992 ; Moorhead et al. , 1998). La contractilité de la myosine non musculaire II est 
régulée par RhoA, Cdc42 et Racl via l' activation de leurs effecteurs respectifs 
ROCK, MRCK (myotonin-related Cdc42-binding kinase), et PAKl (p21 protein 
(Cdc42/Rac)-activated kinase 1) (Sanders et al., 1999 ; Totsukawa et al. , 2000 ; Dong 
et al., 2002) (Figure 1.13). 
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Figure 1.13 : Régulation de l'appareil contractile actine-myosine. La phosphorylation des 
chaînes légères de myosine (MLC) est régulée par 3 kinases activatrices (MRCK, ROCK et 
MLCK), une kinase inhibitrice (PAK.l), et une phosphatase (PP18-MBS), elles-mêmes 
régulées par les GTPases RhoA, Racl et Cdc42. Les flèches noires et rouges indiquent 
respectivement l'activation et l' inhibition. Figure adaptée de Zhao et Manser, 2005 . 
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Lorsqu ' activée par RhoA, ROCK phosphoryle les MLC provoquant la contraction de 
la myosine (Amano et al., 1996). Cependant, l'activité de ROCK ne se limite pas 
uniquement à cela car cette protéine peut également inhiber la phosphatase de la 
MLC en phosphorylant la sous-unité MYPT, et ainsi engendrer davantage de 
contraction de la myosine (Kimura et al., 1996). En addition à RhoA, Cdc42 est 
également capable de stimuler la phosphorylation de la MLC. Cdc42 peut 
effectivement activer son effecteur MRCK qui en retour phosphoryle la MLC (Leung 
et al. , 1998). A l' instar de ROCK, MRCK peut également inhiber la myosine 
phosphatase et ainsi favoriser 1 'activité de la myosine II (Tan et al. , 2001 ). La 
GTPase Racl intervient aussi dans la modulation de la phosphorylation de la MLC 
par l' intennédiaire de son effecteur PAKl. Le rôle de PAKl est cependant 
controversé. Chez les mammifères, il semble que P AKl agisse négativement sur la 
contraction de la myosine en phosphorylant et inhibant MLCK (myosin light chain 
kinase) (Sanders et al. , 1999) (Figure 1.13). Cette dernière est une kinase spécifique 
pour la MLC dont l' activité est régulée par le calcium et la calmoduline. Chez le C. 
elegans, par contre, P AK-1 apparait comme un activateur de la contraction de la 
myosine (Gall y et al. , 2009). 
1.3.3.4 La régulation des différents types de protrusions par les GTPases Rho 
La migration cellulaire est un mécanisme essentiel pouvant conduire la 
morphogenèse épithéliale. Elle nécessite des changements de fonne de la cellule 
impliquant le remodelage du cytosquelette, des adhésions cellule-substrat et de la 
MEC. On distingue deux grands types de migration : la migration individuelle des 
cellules, elle-même divisée en migration mésenchymateuse et amiboïde, et la mobilité 
des cellules en cohorte appelée migration collective (Figure 1.14). 
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Figure 1.14 : Les différentes stratégies de migration. On distingue deux grands types de 
migration : la migration individuelle des cellules, divisée en migration amiboïde et 
mésenchymateuse, et la migration collective. Ces différentes stratégies migratoires se 
distinguent par le niveau d' interaction cellule-matrice extracellulaire (intégrines et protéases ; 
triangle jaune), et cellule-cellule (Cadhérines ; triangle orange). Figure adaptée de Friedl et 
Wolf, 2003. 
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Ces différents procédés de mobilité cellulaire sont dépendants de la formation de 
protrusions au front migratoire de la cellule ou de la colonie de cellules migratrices. 
Dans cette section, nous allons décrire ces différents types de protrusions en fonction 
du mode de migration utilisé ainsi que leur régulation par les GTPases Rho. Sous le 
tenue protrusion sont regroupés les lamellipodes, les filopodes et les « blebs », 
respectivement régulés par Racl , Cdc42 et RhoA. Les lamellipodes et les filopodes 
sont des protubérances de la membrane riches en actine polymérisée. Elles impliquent 
des complexes d'adhésion entre la cellule et son substrat, et sont principalement 
impliquées dans les modes de migration de type mésenchymateux et collectifs. La 
migration amiboïde dépend, pour sa part, de la formation de blebs et est grandement 
dépendante de la contractilité du cytosquelette d 'actine-myosine au niveau de ces 
protrusions (revue de Ridley, 2011 ). 
Les lamellipodes sont des extensions de la membrane plasmique plates et fines , et 
dépendantes de la fonnation d 'un réseau branché de filaments d'actine. Cette 
réorganisation du cytosquelette est dépendante de 1' activation de Ra cl , et à lieu à 
l 'avant des cellules ayant une mobilité mésenchymateuse, ainsi qu'au niveau des 
cellules meneuses dans la migration collective. L'activation localisée de Racl est le 
point clé de la fom1ation de ces protubérances, et dépend des GEFs telles que Ti am 1, 
~-PIX et DOCK180 (D'Amico et al., 2010; Goicoechea et al. , 2014 ; Ridley, 2015). 
Une fois activée, Racl peut interagir avec son effecteur Scar/WA VE qui, en retour, 
active le complexe de nucléation des filaments d'actine Arp2/3 (Figure 1.15). Ce 
complexe Arp2/3 est un initiateur de la formation de nouveaux filaments d 'actine le 
long de filaments déjà existants, dans le but de former un réseau d ' actine branchée 
(Amann et Pollard, 2001). La polymérisation de l' actine peut aussi être assurée par 
V ASP (Havrylenko et al., 20 15) via son interaction avec W AVE. 
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Figure 1.15: Structure et formation des lamellipodes. (1) Le sectionnement des filaments 
d' actine par la cofiline laisse des extrémités franches libres qui servent de sites pour (2) la 
polymérisation de l'actine. Cette polymérisation est dépendante de l'activation de la GTPase 
Racl qui active le complexe de nucléation de l'actine Arp2/3 via WAVE. VASP et la 
forrnine peuvent aussi contribuer à la polymérisation de l'actine. La fonnine pennet 
1 'allongement des filaments d' actine de façon dépendante ou (3) indépendante du complexe 
Arp2/3. Figure extraite de Ridley, 2011. 
Ces deux voies (Arp2/3 et VASP) sont d 'ailleurs importantes dans la formation des 
lamellipodes par les cellules de 1 'hypoderme migrant collectivement au cours de la 
fermeture ventrale du C. elegans (Sawa et al. , 2003 ; Withee et al. , 2004 ; 
Havrylenko et al. , 2015). En plus de Racl , les GTPases Cdc42 et RhoA sont 
également actives au niveau des lamellipodes (Machacek et al. , 2009). Le rôle de 
Cdc42 dans la migration serait d'assurer la bonne localisation de l' activité de Racl en 
jouant sur la localisation des GEFs spécifiques pour Racl et le trafic 
vésiculaire (revue de Etienne-Manneville, 2004), deux processus importants pour 
1' établissement et le maintien la polarité antéro-postérieure lors de la migration. 
Quant à RhoA, elle est retrouvée active au bout du lamellipode où elle initie 
supposément la polymérisation de l 'actine par l ' intennédiaire de la fonnine Dia 
(Kurokawa et Matsuda, 2005). Cependant, son rôle est controversé car il a aussi été 
montré que RhoA et ses effecteurs doivent avoir une activité réduite pour permettre 
l' extension des lamellipodes (Vial et al. , 2003), et qu'une forte activité de RhoA peut 
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inhiber ce type de migration voire même entraîner une migration de type amiboïde 
(Petrie et Yamada, 2012). L'hypothèse la plus crédible quant au rôle de ces GTPases 
au cours de la fonnation des lamellipodes est que Cdc42, Racl et RhoA 
fonctionneraient séquentiellement au niveau des protrusions, permettant la 
polymérisation de l'ac tine, la contraction de la myosine, la fonnation des adhésions 
focales et leur maturation. 
La migration amiboïde réfère à une reptation rapide des cellules dans leur 
environnement tridimensionnel. C'est un type de migration pendant lequel les 
cellules n'ont pas besoin d'adhérer fortement aux tissus environnants pour se 
mouvoir. Elle est dépendante de la contraction des filaments d 'actine-myosine 
corticaux, et est associé à une très forte activité de la voie RhoA/ROCK (Charras et 
Paluch, 2008 ; Petrie et Yamada, 2012). En effet, la régulation spatiale des niveaux de 
contraction des filaments d 'actine-myosine dans la cellule génère un flux de 
cytoplasme ent:rainant la fonnation de blebs à l'avant de la cellule suivie d'une 
rétraction à 1 'arrière (Figure 1.16) (Lamrnermann et Sixt, 2009). Ce type de 
déplacement est dépendant de l'activation de RhoA. 
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Figure 1.16: Structure et formation des blebs. Les blebs sont induits par (1) la contractilité 
des filaments d 'actine-myosine, dépendante de la voie RhoA/ROCK, à la membrane, et par 
(2) un flux de cytoplasme défonnant la membrane. (3) La rétraction des blebs fait suite à la 
polymérisation de 1 'actine dépendante de la GTPase Rac 1 à la membrane de ce bleb . Figure 
extraite de Ridley, 2011. 
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L'activation de la voie Racl entraîne par contre un changement vers un mode de 
migration lamellipode-dépendant. Il existe une interchangeabilité élevée entre la 
migration basée sur les blebs et celle basée sur les lamellipodes. Au cours du 
développement précoce du poisson zèbre, par exemple, les cellules individuelles du 
mésoderme émettent des blebs qui adoptent par la suite une morphologie de type 
lamellipode au cours du développement (Row et al. , 2011). 
Ces deux mécanismes migratoires, lamellipodes ou blebs-dépendants, peuvent 
également impliquer un autre type de protubérances de la membrane : les filopodes . 
Ce sont de longues et fmes extensions membranaires riches en filaments d'actine non 
branchée fonnant des faisceaux (Figure 1.17). 
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Figure 1.17 : Structure et formation des filopodes . (1-2) La fonnation des filopodes est 
initiée par une courbure de la membrane induite par IRSp53 , laquelle recrute Cdc42 et ses 
effecteurs Dia et WASP pour stimuler la polymérisation de l' actine. Les filaments d'actine 
peuvent aussi provenir des lamellipodes. (3 -4) V ASP et Dia jouent un rôle important dans le 
processus d' extension du filopode en pennettant la nucléation de 1 'actine à la pointe du 
filopode. Figure extraite de Ridley, 2011. 
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Il a été montré que non seulement les filopodes peuvent initier des contacts cellule-
cellule, mais qu'ils jouent en rôle important dans la direction de la migration, le 
chimiotactisme et la concentration de Racl actif à l'avant des cellules. Cdc42 semble 
être la principale GTPases Rho impliquée dans la fom1ation des filopodes de par son 
action sur le complexe de nucléa ti on Arp2/3 via N-W ASP (Miki et al., 1998) et sur 
les formines Dia (Peng et al., 2003 ). Le rôle de ces dernières est de promouvoir la 
nucléation de filaments d'actine non branchée (Figure 1.17). D'autres protéines 
comme la fascine, dont l'activité est stimulée par la voie RhoA/ROCK, peuvent 
également contribuer à la formation des filopodes (J ayo et al. , 20 12). 
A travers cette présentation rapide des différents types de protrusions impliquées dans 
la migration cellulaire, il est remarquable de voir à quel point le phénotype migratoire 
est dépendant des GTPases Rho et de leur coordination au sein de la cellule. 
1.3.4 Antagonisme RhoA 1 Racl 
Par le biais des quelques fonctions des GTPases Rho décrites précédemment, nous 
pouvons voir l' importance de la régulation spatio-temporelle des GTPases Rho au 
cours de la morphogenèse des épithéliums. Un aspect important de cette régulation 
consiste en l'antagonisme observé entre les GTPases Rho, et en particulier entre 
RhoA et Racl. Plusieurs exemples ont permis de mettre cet antagonisme mutuel en 
évidence (revue de Guilluy et al. , 2011). Ces études ont permis de montrer que 
l'activation d'une de ces GTPases provoque l ' inhibition systématique de l' autre 
entraînant leur exclusion spatiale et/ou temporelle (Parri et Chiarugi, 2010 ; Pertz, 
2010 ; Guilluy et al. , 2011 ). Récemment, il a même été montré que cette diaphonie 
(ou crosstalk) entre RhoA et Racl est responsable de 1 'hétérogénéité morphologique 
observée au sein d'une population isogénique de cellules en culture (Sailem et al., 
2014). Ce crosstalk est en réalité dû à une double boucle de rétrocontrôle négatif où 
RhoA inhibe Racl et Racl inhibe RhoA. Dans certains cas, cette inhibition mutuelle 
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peut entraîner la bistabilité (Kholodenko, 2006). Un système bistable se caractérise 
par une interchangeabilité entre deux états stables mais biochimiquement distincts, et 
dans lequel chacun des deux états stables entraîne un phénotype spécifique. Cette 
bistabilité du système Rho/Rac a été modélisée dans plusieurs études (Kholodenko, 
2006 ; Jilkine et al. , 2007 ; Semplice et al. , 2012 ; Tsyganov et al. , 2012) et 
récemment prouvée dans une lignée de cellule cancéreuse (Byrne et al. , 2016). Dans 
cette dernière étude, les auteurs se sont intéressés à la plasticité du phénotype 
migratoire, c'est-à-dire au passage d'un phénotype mésenchymateux à amiboïde, et 
inversement, et ont montré que P AK, entre autres, joue un rôle clé dans cette 
plasticité. Différents types de régulation peuvent effectivement mener à ce 
crosstalk ou cette bistabilité : une régulation de l'activité des GTPases Rho via les 
GEFs et les GAPs, une régulation de l'expression et de la stabilité des protéines, et 
une régulation des voies de signalisation en aval. Tous ces points ont fait l'objet 
d'une revue (Guilluy et al. , 2011) et ne seront pas détaillés ici. Cependant, pour 
appuyer ces propos et bien comprendre l' enjeu de cet antagonisme réciproque entre 
Rho et Rac, deux exemples seront détaillés. Un premier exemple portant sur un 
mécanisme cellulaire individuel, la plasticité migratoire, et un second sur un 
évènement morphogénique, l' invagination. 
1.3 .4.1 Exemple 1 : la plasticité migratoire et la bistabilité du système RhoA/Rac 1 
L'inhibition réciproque de RhoA et Racl est régulée par différents mécanismes et 
peut entraîner soit des transitions amiboïdo-mésenchymateuse (TAM), soit 
mesenchymo-amiboïdale (TMA) (Figure 1.18A). 
L'inhibition de Racl par RhoA, qui favorise la migration amiboïde, peut par exemple 
être le résultat de l'activation de FilGAP, une GAP pour Racl (Saito et al. , 2012 ; 
Nakamura, 2013). En effet, la phosphorylation de FilGAP par ROCK active cette 
protéine (Ohta et al. , 2006) qui peut ainsi catalyser l 'hydrolyse du GTP par Racl et 
36 
mener à son inactivation (conversion vers une forme liée au GDP) , favorisant ainsi la 
TMA. De manière similaire, ArhGAP22 est capable d'inhiber Racl de façon RhoA-
dépendante, et bien que son activation soit dépendante de ROCK, elle n 'est pas 
activée par phosphorylation mais via la contraction cellulaire (Sanz-Moreno et al., 
2008) (Figure 1.18B). 
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Figure 1.18 : La plasticité migratoire. (A) Schéma représentant la transition mésenchymo-
amiboïdale et la transition amiboïdo-mésenchymale. (B) Modèle moléculaire de 
l'antagonisme RhoNRac 1 dans la plasticité migratoire. Les protéines permettant une 
dominance de Racl ou de RhoA sont respectivement sur fond bleu et sur fond rouge. Les 
flèches vertes indiquent l'activation et les lignes rouges indiquent l' inhibition. La double 
flèche noire indique une interaction directe entre Racl et p1 90RhoGAP. Figure (A) adaptée 
de Friedl et Wolf, 2003. 
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D'autres voies de régulation impliquant la tension mécanique issue de l'activité de 
ROCK sur la myosine peuvent diminuer l ' activité de Racl . On peut par exemple citer 
la GEF ~-PIX dont le rôle est d ' activer Racl au niveau des complexes d'adhésion 
focale naissants, favorisant ainsi la fom1ation des lamellipodes. Une étude 
protéomique utilisant un inhibiteur de la myosine II, la blebbistatine, a montré que ~­
PIX est recrutée aux adhésions focales en présence de la drogue, suggérant que sous 
une activité contractile élevée, ~-PIX se dissocierait de ces adhésions (Kuo et al. , 
2011). 
La T AM est elle aussi favorisée par certaines GEFs et GAPs. p 190RhoGAP est une 
de ces protéines. En effet, elle est capable d' inhiber l 'activité de RhoA lorsqu 'elle est 
activée par Rac 1 soit par une interaction directe (Bustos et al. , 2008), soit 
indirectement via la production d ' espèces réactives de l' oxygène (ROS) qui favorise 
la phosphorylation et l'activité de pl90RhoGAP (Nimnual et al., 2003). Dans des 
cultures de cellules de mélanome, il a aussi été montré que DOCK3, une GEF pour 
Racl , NEDD9, une protéine adaptatrice liant DOCK3, et WA VE2 favorisent le 
phénotype mésenchymateux en augmentant l' activité de Racl et en din1inuant la 
contractilité de la myosine (Sanz-Moreno et al. , 2008). De plus, PAK1 , déjà présentée 
comme importante dans la bistabilité, est également essentielle pour inhiber l'activité 
de RhoA et ainsi maintenir un phénotype mésenchymateux. Son inhibition favorise 
donc la TMA (Byme et al. , 20 16). P AKl agirait entre auh·e en phosphorylant des 
GEFs spécifiques pour RhoA telles que pl15-RhoGEF, Net1 , PDZ-RhoGEF, GEF-
Hl , ce qui inhibe leur activité catalytique et donc diminue l 'activité de RhoA (Zenke 
et al. , 1999 ; Barac et al. , 2004 ; Alberts et al. , 2005 ; Rosenfeldt et al. , 2006) (Figure 
1.18B). 
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1.3.4.2 Exemple 2: L'antagonisme RhoA/Rac1 au cœur de l'invagination cellulaire 
Le processus d' invagination au sein d'un tissu épithélial est initié par un groupe de 
cellules dont le pôle apical se contracte, et est finement régulé par l'antagonisme 
RhoA/Rac1 , lequel détermine la morphologie du sillon formé. Il y a une dizaine 
d'années, Simoes et ses collègues ont montré que la compartimentalisation des 
régulateurs de RhoA dirige l'invagination durant la morphogenèse. En effet, dans 
cette étude chez D. melanogaster, ils montrent que les GEFs RhoGEF2 et 
RhoGEF64C sont exclusivement apicales et favorisent l'activité de Rho, et donc la 
contraction de la myosine à ce niveau. A l'inverse la RhoGAP Cv-c est retrouvée 
dans le domaine basolatéral des cellules, excluant ainsi toutes fonctions de RhoA 
(Simoes et al., 2006). Ceci est confirmé par une étude plus récente montrant qu'une 
balance entre les activités de Racl et de RhoA est essentielle à 1 'invagination au 
cours de la morphogenèse de la placode cristallinienne chez la souris (Chauhan et al. , 
2011). Ici, les auteurs montrent que la perte de RhoA entraîne une courbure du sillon 
moins prononcée que dans le contrôle, et que les cellules formant le sillon sont plus 
grandes. La perte de Racl, à l'inverse, réduit la hauteur des cellules et favorise une 
courbure plus importante (Figure 1.19A-C). En outre, l'analyse de divers marqueurs 
de l'activité de RhoA et de Racl montre des niveaux d'activité soit basale ou apicale 
pour ces deux GTPases. Finalement les auteurs arrivent à un modèle (Figure 1.19D) 
où l'activité de RhoA est apicale et entraîne la contraction de la myosine, alors que 
l'activité de Racl est basale et favorise l'élongation de la cellule ; ces deux processus 
étant nécessaires à la courbure du sillon. Cette étude est donc en accord avec la 
localisation cellulaire des RhoGEFs et RhoGAPs décrite par Simoes. 
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Figure 1.19 : L'antagonisme Rho/Rac régule le mécanisme d ' invagination des 
épithéliums. (A-C) Racl et RhoA ont des effets opposés sur la courbure du si llon. Profil du 
sillon au cours de la formation de la placode cristall inienne dans des souris (A) contrôles, (B) 
mutantes pour RhoA, ou (C) Rac 1. Les mutations RhoA et Rac 1 sont retrouvées uniquement 
dans la placode cristallinienne via la recombinaison Cre-Lox. Dans ce cas précis cette 
recombinaison utili se des allèles conditionnels RhoA fllfl et Racl fllfl jloxés et de la recombinase 
Cre exprimée spécifiquement dans la placode cristallinienne (Le-Cre). (D) Schéma 
récapitulatif de l'antagonisme RhoA/Rac1 au cours de l' invagination des épithéliums. La 
GTPase Racl est active au pôle basal de la cellule où elle promeut l'élongation cellulaire et 
inhibe la phosphorylation de la myosine. A 1 ' inverse, la GTPase RhoA est active au pôle 
apical où ell e promeut la contraction de la myosine et inhibe l'élongation cellulaire. Cette 
compartimentalisation pem1et un contrôle précis de 1 ' invagination cellulaire. Figures extraites 
de Chauhan et al. , 2011. 
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A travers ces deux exemples, nous remarquons que les cellules peuvent adopter un 
destin soit RhoA soit Racl (phénotype migratoire), ou bien compartimentaliser 
l'activation de ces deux GTPases au niveau subcellulaire pour permettre des 
processus morphogéniques. Ces deux possibilités impliquent une inhibition mutuelle 
et une activité balancée de RhoA et Racl. 
1.4 La morphogenèse du C. elegans 
Le développement de l'embryon de C. elegans dure environ 800 minutes depuis le 
stade une cellule jusqu'à l'éclosion (Figure 1.20). Pendant la première partie du 
développement, soit pendant les quatre premières heures environ, les cellules se 
multiplient puis commencent à se différencier. A la fin de la gastmlation, les cellules 
de l'épiderme - aussi appelé hypoderme' - sont différenciées et se répmiissent en 
trois groupes de cellules : i) l' hypoderme dorsal constitué de deux rangées de dix 
cellules jointes au niveau de la ligne médiane dorsale, ii) deux rangées de cellules 
latérales flanquant l' hypodenne dorsal de part et d 'autre, et iii) l' hypoderme ventral 
accolé à l'extrémité ventrale des cellules latérales. C'est à ce stade que la 
morphogenèse épithéliale s'amorce. Celle-ci est composée des quatre phases 
suivantes : l'intercalation dorsale, la fenneture ventrale, l'élongation précoce et 
l'élongation tardive (Figure 1.20). 
1 D 'après Chisholm et Hsiao, 20 12, cette dénomination ne devra it plus être utili sée et remplacée par 
«épiderme » qui est un terme p lus approprié d 'un point de vue biologique. Cependant, le terme 
d 'hypoderme persiste encore dans la li ttérature et dans la nomenclature cellulaire du C. elegans. 
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Figure 1.20: Vue chronologique de l'embryogenèse du C. elegans. La morphogenèse de 
l' épiderme, composé des cellules dorsales (rose), latérales (jaw1es) et ventrales (rouge), se 
passe entre 290 et 520 minutes environ après la première division et inclus l' intercalation 
dorsale (c) , la fermeture ventra le (d) et l'élongation (e). Figure adaptée de Chin-Sang et 
Chisholm, 2000. 
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1.4.1 Vue générale des différentes étapes de la morphogenèse 
La première étape de la morphogenèse est l' intercalation dorsale. Au cours de cette 
étape, les deux rangées de dix cellules dorsales présentent initialement s'intercalent 
pour ne former qu'une seule rangée de cellules dorsales (Figure 1.21A, cellules de 
couleur verte). Ce mécanisme semble être dépendant de la formation de protrusions 
basolatérales polarisées (Williams-Masson et al., 1998; Walck-Shannon et al. , 2015), 
et a été décrit précédemment à la section 1.2.3. 
A 
Figure 1.21 : Représentation schématique de la morphogenèse épithéliale du C. elegans. 
Schéma dans le temps (de haut en bas) représentant (A) l'intercalation dorsale, (B) la 
fenneture ventrale, et (C) l'élongation. Les étoiles blanches en (B) représentent les cellules 
ventrales antérieures ; la pointe de flèche noire montre la cellule du pore excrétem, et la 
flèche blanche pointe la poche ventrale L' étoile noire en (C) indique la même cellule aux 
différents stades de l'élongation. Figures extraites du WonnBook, WormAtlas et Ciarletta et 
al. , 2009. 
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Dès la fin de l ' intercalation dorsale, la fenneture ventrale commence. Durant cette 
phase, les cellules ventrales migrent collectivement pour se rejoindre au niveau de la 
ligne médiane ventrale et ainsi envelopper l'embryon d'une couche d'hypodenne. 
Cette étape se déroule en deux phases et suivant deux mécanismes distincts. Tout 
d'abord, les cellules ventrales antérieures - ou cellules meneuses - vont projeter de 
larges protrusions riches en actine leur pennettant de migrer en direction de la ligne 
médiane ventrale où elles vont former, après contact, des jonctions avec leurs 
voisines contralatérales (Figure 1.21B, étoiles blanches). Puis dans un second temps, 
les cellules postérieures, aussi appelées cellules de la poche (pocket cells) , vont 
utiliser un mécanisme dépendant de la contraction - la fermeture en « cordon de 
bourse » (purse-string) - pour migrer et ainsi complètement envelopper l'embryon 
d' épiderme (Figure 1.21B) (Williams-Masson et al., 1997). A l' issue de cette étape, 
1' élongation va débuter. 
L ' élongation embryonnaire est un événement morphogénique pennettant le passage 
d'un embryon ovoïde en une larve vermifonne (Figure 1.21 C). Ce processus se 
traduit par une élongation de l' embryon le long de son axe longitudinal et par une 
réduction de sa circonférence. Cet événement est guidé par les cellules de 
l' hypoderme, lesquelles subissent des changements morphologiques notables au 
cours de cette étape. Elle se divise en deux phases successives que sont l'élongation 
précoce et 1 'élongation tardive (Figure 1.21 C, de haut en bas) . Brièvement, la phase 
précoce, du stade comma jusqu'à 1,75-fold, est connue pour être menée par la 
contraction des filaments d'actine-myosine dans les cellules latérales de l ' hypoderme 
alors que l' élongation tardive implique des mécanismes de mécano-transduction entre 
les cellules dorsales et ventrales de l' hypoderme et les muscles sous-jacents (Zhang et 
al. , 2011). 
Tous ces évènements morphogéniques sont dépendants de la réorganisation du 
cytosquelette d' ac tine et du remodelage des jonctions apicales. Ces jonctions diffèrent 
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entre les cellules épithéliales du C. elegans et celles des vertébrés. Leur structure sera 
brièvement décrite plus bas. 
1.4.2 Les jonctions des cellules épithéliales chez le C. elegans 
De manière similaire aux vertébrés et à la drosophile, on retrouve, chez le nématode, 
différents complexes d'adhésion. La fonction de ces complexes est conservée mais 
leur organisation diffère entre les nématodes, les arthropodes et les vertébrés . 
On retrouve tout d'abord des jonctions apicales (CeAJs, C. elegans apical junctions) 
qui se divisent en deux complexes distincts : le complexe cadhérine-caténine (CCC) 
et le complexe DLG-1/AJM-1 (DAC) (Figure 1.22). 
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tl - ):> u ..... 
~- VI 0 ..... 
Key 
...__ SMA·l/BH·spectrin 
~ SPC-1/a--spectrin 
...... apical proteins 
CRB· l , PAR· 3, PAR-Q, 
PKC·3 
-- F-actin 
~ HMR· lAIE-<adherin 
JAC-1/ pl 2Ckatenin 
~ HMP·2/B-<:atenin 
J$1"'0 HMP- 1/ a ·catenin 
3 VAB·9/ claudin 
,...cx:/J DLG-1 /Dises large 
J AJM· l (novel) 
~- ? lAD-lA.lCAM? 
S. CLC-1/daudin 
1 LET -413/Scribble 
0 ccc 
DAC 
/,• CeAJ components 
Figure 1.22 : Jonctions apicales du C. elegans. Représentation schématique de la 
composition moléculaire des jonctions apicales du C. elegans (CeAJ) . La légende est 
représentée à droite. Comme chez les vertébrés (à gauche) et la drosophile (à droite), les 
cellules épithéliales du C. elegans contiennent deux complexes d' adhésion distincts : le 
complexe cadhérine-caténine (CCC), qui s'apparente aux jonctions adhérentes (AJ) et le 
complexe DLG-1 /AJM-1 (DAC) qui s'apparente aux jonctions senées (TJ) et aux jonctions 
septate (SJ) . Figure adaptée du WonnBook. 
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Le CCC est composé de la cadhérine HMR-1, la ~-caténine HMP-2, l 'a-caténine 
HMP-1 et la p120-caténine JAC-1 (Costa et al. , 1998 ; Pettitt et al., 2003), et est le 
point d'ancrage des câbles d'actine circonférentielle qui permettent l'élongation du 
nématode. D 'autres protéines ont été associées à ce complexe. Parmi elles, on 
retrouve notamment V AB-9 (Simske et al. , 2003), une claudine normalement 
associée aux jonctions senées chez les vertébrés, et qui régule l' attachement des 
câbles d'actine circonférentielle aux CeAJs chez le nématode (Simske et al. , 2003). 
Les complexes DAC ont une localisation plus basale que les CCC et joueraient un 
rôle dans l'adhésion et la perméabilité de l'hypodenne. Il se compose principalement 
de DLG-1 , une kinase guanylate associée à la membrane (MAGUK) qui joue un rôle 
dans la formation des jonctions adhérentes, dans l'organisation du cytosquelette 
d'actine, et qui permet le recrutement d'autres protéines (Firestein et Ronge, 2001). 
Parmi ces autres protéines, on retrouve principalement AJM-1 qui s'apparente à la 
cinguline et à AMOTL1 - deux protéines associées aux jonctions senées chez les 
vertébrés (Cox et Hm·din, 2004). De façon intéressante, il a été montré que les 
protéines AMOT se lient à l'actine et qu'elles pounaient potentiellement jouer un 
rôle de sensem de la tension (Mana-Capelli et al. , 2014). Pour résumer, ces deux 
complexes, en plus d'assurer la maintenance de l 'intégrité de l'hypoderme (Costa et 
al., 1998 ; Simske et al. , 2003), semblent jouer un rôle important dans l'organisation 
du cytosquelette d'actine. 
On retrouve également chez le C. elegans des structures qui s'apparentent aux 
complexes d'adhésion focale (CAFs) et aux hémidesmosomes, respectivement 
appelées corps denses et organites fibreux , à la différence près que seul les corps 
denses, liant le cytosquelette des muscles et la lamine basale située entre les muscles 
et l'hypoderme, sont intégrines-dépendants (Figure 1.23). Les organites fibreux , à la 
membrane des cellules de l 'hypoderme ventral et dorsal, sont des structures liant 
mécaniquement les muscles à la cuticule, et qui maintiennent l'intégrité de 
1 'hypoderme via 1' ancrage des filaments intermédiaires (Francis et Waters ton, 1991 ; 
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Hresko et al. , 1999 ; Bosher et al. , 2003 ; Hetherington et al. , 2011). Les corps 
denses, structurellement très similaires aux CAFs (Figure 1.23), sont donc présents 
aux membranes des cellules musculaires (Francis et Waterston, 1985). Aucun 
équivalent de CAF n ' a encore été identifié aux membranes de l'hypodenne. 
Vertebrates C. e/egans 
Dense Body 
Figure 1.23 : Structure des jonctions cellule-matrice extra-cellulaire chez le C. elegans. 
(A) Structure moléculaire des complexes d'adhésion focale et des corps denses retrouvés 
respectivement chez les vertébrés et chez le nématode. (B) Structure moléculaire des 
hémidesmosomes et des organites fibreux retrouvés respectivement chez les vertébrés et 
chez le C. elegans. Figure adaptée de Cox et Bardin, 2004. 
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1.4.3 Régulation de l'élongation précoce par les GTPases Rho 
L'élongation précoce est une étape tardive du développement embryonnaire qui est 
régulée par l' état de contraction des filaments d'actine-myosine dans les cellules de 
l' hypoderme. Au cours de cette étape, les filaments d'actine, tout comme la myosine, 
s'organisent en câbles circonférentiels et parallèles dans les cellules ventrales et 
dorsales alors qu'ils forment un réseau en maille dans les cellules latérales (Priess et 
Hirsh, 1986 ; Gally et al. , 2009). Cette organisation de l'actine filamenteuse 
s'accompagne d'un niveau de contraction de la myosine différent dans ces cellules. 
Aucun lien de cause à effet n'a cependant été établi entre ces deux observations. Le 
modèle accepté par la communauté scientifique au commencement de notre étude 
suggérait que le niveau de contraction de la myosine était élevé dans les cellules 
latérales au cours de l'élongation précoce, tandis que les cellules ventrales et dorsales 
était dans un état relâché (Priess et Hirsh, 1986 ; Piekny et al. , 2003 ; Ciarletta et al. , 
2009 ; Gall y et al. , 2009) ; ces états de contraction et de relâchement étant eux-
mêmes dépendants de l' état de phosphorylation des chaines légères de la myosine. 
Le principal régulateur de la contraction de la myosine est la GTPase RH0-1/RhoA. 
Celle-ci, lorsque liée au GTP, active la kinase LET-502/ROCK qui en retour 
phosphorylerait les chaines légères de myosine MLC-4 (rMLCs) (Gally et al. , 2009) 
(Figure 1.24). Une fois phosphorylées, MLC-4 provoquent la contraction des chaînes 
lourdes de myosine NMY-1 et NMY-2 (Piekny et al. , 2003) . Durant l' élongation 
précoce, LET-502 est exprimée dans toutes les cellules de l'hypoderme (Piekny et al. , 
2003) mais se retrouve principalement activée dans les cellules latérales. Cette 
restriction d' activité spatiale est due à l 'activité de la GAP RGA-2 qui inhibe RH0-1 
dans les cellules ventrales et dorsales (Diogon et al. , 2007) et à celle de la GEF 
RHGF-2 qui active cette GTPase dans les cellules latérales (Chan et al. , 2015) 
(Figure 1.24). Le niveau de phosphorylation des chaînes légères de la myosine est 
également contrôlé par la phosphatase MEL-11 /MYPT qui déphosphoryle MLC-4, 
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rendant la myosine NMY-1 /2 inactive (Figure 1.24). Cette protéine est également 
exprimée dans toutes les cellules de l'hypoderme, cependant, son activité est inhibée 
dans les cellules latérales par LET-502/ROCK. En effet, la phosphorylation de MEL-
11 par LET-502 entraîne sa séquestration à la membrane plasmique, où elle se 
retrouve incapable d'exercer son activité sur la myosine (Piekny et al., 2003). Ces 
deux protéines, MEL-11 et LET-502, explique donc l'état d'activation de la myosine 
observé dans les cellules latérales versus dorsales/ventrales. Cependant, bien que la 
mutation de chacun des gènes codants ces protéines prise individuellement soit létale 
(Wissmatm et al., 1997 ; Wissmann et al. , 1999), le double mutant mel-Il; let-502 
présente un phénotype moins pénétrant, suggérant que la contraction peut être 
contrôlée par une voie parallèle et redondante à la voie MEL-11/LET -502 (Piekny et 
al., 2000). 
Conformément à cette idée, il été montré que l'activation de la myosine peut être 
régulée par deux autres kinases, PAK-1/PAKl et MRCK-1/MRCK, en plus de LET-
502/ROCK (Gally et al. , 2009). Ces trois kinases agissent de manière redondante au 
cours de l'élongation, cependant, leur mécanisme d'action semble un peu diverger. 
Tout d'abord, d'après les études d'interaction génétique, MRCK-1 agirait en amont 
de MEL-11/MYPT, ayant ainsi un rôle d'inhibiteur de l'activité phosphatase de 
myosine de MEL-11 (Figure 1.24). Dans ce rôle, il assurerait la promotion de la 
contraction de la myosine de façon indirecte. En accord avec ceci, et bien que 
retrouvée dans toutes les cellules de l 'hypoderme, MRCK-1 est plus fortement 
exprimée dans les cellules latérales, où la contraction de la myosine est la plus 
intense. La kinase PAK-1 , quant à elle, semble avoir une action directe sur le niveau 
de phosphorylation de MLC-4 en parallèle de la voie MEL-11 /LET-502 (Gally et al., 
2009) (Figure 1.24). Il est par contre important de noter que la mutation de pak-1 
seule ne présente qu'un défaut d'élongation mineure alors que le triple mutant mel-
11; let-501 ,· pak-1 est 100% létal, suggérant que PAK-1 a un rôle prépondérant 
uniquement en absence de MEL-11 /LET-502 . Bien qu'il n'y ait pas d'évidence 
49 
formelle, l 'implication de MRCK-1 et PAK-1 laisse suggérer que les GTPases CDC-
42/Cdc42 et/ou CED-10/Rac sont nécessaires à l 'élongation embryonnaire. 
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Figure 1.24 : Modèle moléculaire de l'élongation embryonnaire précoce du C. elegans. 
L'élongation précoce est dirigée par la contraction de l'actine-myosine dans les cellules 
latérales de l'hypoderme (en rouge), alors que les cellules dorsales et ventrales (en vert) sont 
dans un état relâché. Les protéines inactives ou faiblement actives sont grisées. Les flèches 
pointillées représentent des activations non confirmées chez le C. elegans. Ce modèle est 
basé sur la littérature de 1997 à aujourd'hui mais n ' inclut pas le travail de cette thèse. 
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D 'autres régulateurs de l' élongation précoce ont également été identifiés. On peut 
tout d'abord citer la Rho GTPase MIG-2 qui d'après les études d' interaction 
génétique se situerait en amont de LET-502 ou MEL-11 (Wissmann et al. , 1999 ; 
Piekny et al. , 2000). Il y a ensuite la sérine/thréonine phosphatase FEM-2/POPX2 
(Piekny et al., 2000). Les études d' interaction génétiques montrent que la mutation de 
fem-2 n'aggrave pas la mutation de pak-1, suggérant que FEM-2 agirait dans la même 
voie que PAK-1 (Vanneste et al. , 2013). En outre, chez les mammifères, l'orthologue 
de FEM-2, POPX2, inactive l'activité kinase de PAK.l (orthologue de PAK-1) en le 
déphosphorylant (Koh et al. , 2002), ce qui confim1e que FEM-2 régulerait PAK-1 
dans une voie parallèle à MEL-11 /LET-502. Toujours dans l'optique de décrire la 
régulation des filaments d'actine-myosine, la f01mine FHOD-1 a été montrée 
essentielle à la mise en place du réseau en maille dans les cellules latérales de 
l'hypoderme. Cette protéine, impliquée dans la nucléation de l'actine, est uniquement 
exprimée dans les cellules latérales et son absence se traduit par une désorganisation 
des microfilaments d'actine (Vanneste et al., 2013). Il est suggéré que RH0-1 
régulerait la structure du cytosquelette de l'actine via FHOD-1. 
Tout cela montre qu 'au moins deux voies parallèles impliquant les GTPases Rho 
contrôlent l'élongation embryonnaire précoce du C. elegans via la régulation de la 
structure et de la contraction des filaments d'actine-myosine. Cependant des 
questions subsistent, et notamment, l' importance d 'avoir deux voies de signalisation 
contrôlant la phosphorylation des MLC, dont l'une est dominante et l'autre mineure, 
reste à expliquer. 
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1.5 PIX et PAK 
1.5.1 Structure et régulation 
1.5 .1.1 P AK, p21 -activated protein kinases 
Les protéines P AKs ont été les premières kinases régulées par les Rho GTPases à être 
identifiées dans les années 1990 (Manser et al., 1994). Ce sont des Sérine/Thréonine 
kinases dépendantes de l'activité de Racl et Cdc42, qui jouent un rôle central dans un 
nombre important de processus cellulaires incluant, entre autres, la mobilité 
cellulaire, la morphologie et la dynamique du cytosquelette (Bokoch, 2003). Chez 
1 'humain, il existe six différentes formes de la protéine P AK divisées en P AK 
conventionnelles (ou groupe 1) - PAKl-3 - et non-conventionnelles (ou groupe 11) -
P AK4-6. Ici, nous nous intéresserons uniquement aux P AKs conventionnelles dont 
1' orthologue principal chez le C. elegans est P AK -1 , protéine étudiée dans le cadre de 
ce travail. Chez le C. elegans, deux autres protéines P AKs sont également 
retrouvées; il s'agit de MAX-2 et PAK-2. L'analyse de la séquence montre que 
MAX-2 s'apparente aux PAKs conventionnelles ; cependant, le motif de 
reconnaissance du domaine SH2 et le domaine de liaison à PIX-1 sont absents 
(Lucanie et al., 2006), et le domaine de liaison à Racl et Cdc42 est aussi moins 
conservé. La protéine P AK-2 appartient, elle, aux P AKs du groupe II (Hofmann et 
al. , 2004 ; Lucanie et al., 2006). 
Structurellement parlant, ces protéines sont composées d'un domaine de liaison aux 
GTPases Cdc42 et Rac appelé le domaine CRIB (Cdc42/Rac-interacting binding 
domain), un domaine d' auto-inhibition (AID) qui chevauche le domaine CRIB, et un 
domaine kinase qui confère à la protéine son activité catalytique. En outre, on 
retrouve trois régions riches en proline capables de lier les domaines SH3 de diverses 
protéines telles que Nck et Grb2, et un domaine d' interaction avec la GEF pour 
Cdc42/Rac, a/~-PIX (Figure 1.25A). 
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Figure 1.25: Structure et mécanisme d'activation des PAKs conventionnelles. (A) 
Représentation schématique de la structure protéique et des différents domaines retrouvés 
dans les PAK.s du groupe I (PAKl , 2 et 3). (B) Modèle du mécanisme d 'activation des PAK 
du groupe I. Figures extraites de Rane et Minden, 2014. 
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Le domaine d' auto-inhjbition joue un rôle important dans la régulation de P AK. Les 
protéines P AKs du groupe I fonctionnent en effet en dimère, où le domaine 
d'autoinhibition de la première protéine lie, en trans , le domaine kinase de la 
seconde, et vice et versa, provoquant leur inhibition respective (Figure 1.25B) 
(Parrini et al. , 2002). Leur activation se produit lorsque Cdc42 ou Racl se lie au 
domaine CRIB. Dès lors, cela provoque un changement de conformation du domaine 
d'auto-inhibition ayant pour effet de rompre l' interaction avec le domaine kinase et 
d'entraîner une auto-phosphorylation (Lei et al., 2000). C'est l ' auto-phosphorylation 
de la boucle d' activation du domaine catalytique qui permet le passage à un état actif, 
même si d'autres sites sont aussi phosphorylés (Yu et al. , 1998 ; Gatti et al., 1999 ; 
Zenke et al., 1999). 
Bien que PAK1-3 soient considérées comme des effecteurs de Cdc42 et Racl/2/3, il 
existe des mécanismes d'activation indépendants de ces GTPases. La liaison de la 
protéine Nck à P AKl peut par exemple entraîner le recrutement de PAKl à la 
membrane et stimuler son activité kinase (Lu et al. , 1997). L'activité de PAKs peut 
aussi être stimulée par protéolyse (Rudel et Bokoch, 1997). Par ailleurs, la Arf GAP 
GIT1 (G-protein-coupled receptor kinase-interacting target 1) peut s'associer avec 
PAKl-3 via ai~-PIX et favoriser l 'activité catalytique des PAKs (Loo et al., 2004). 
De même, a-PIX, en se liant à P AKl, est capable de l' activer, de manière GTPases 
dépendante ou indépendante (Daniels et al. , 1999). Ces trois protéines forment une 
platefonne PIX/GIT/PAK et jouent un rôle prépondérant dans l'adhésion focale 
(Zhao et al., 2000). En outre, les deux phosphatases POPXl et POPX2 ont été 
identifiées pour leur capacité à déphosphoryler P AKl (Koh et al., 2002) et donc 
1' inactiver. Ces protéines, en se liant avec ~-PIX et P AKs, forment un complexe qui 
explique le cycle rapide d' activation et d' inactivation des PAKs (Zhan et al. , 2003). 
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1.5.1.2 PIX, PAK-interactive exchangefactor 
Les protéines PIX, aussi appelée Cool, ont été identifiées pour la première fois par 
leur interaction avec PAK1 (Bagrodia et al. , 1998 ; Mauser et al. , 1998). Il existe au 
moins deux isoformes de la protéine PIX : a-PIX/Cool2/ARHGEF6, retrouvée dans 
les muscles, les cellules neuronales et les cellules hématopoïétiques, et ~­
PIX/Cooll /ARHGEF7 exprimée de façon ubiquitaire. C'est cette dernière qui est 
l'orthologue de PIX-1 chez le C. elegans. La protéine ~-PIX, tout c01mne PIX-1, 
possède une activité GEF envers Cdc42 et Rac due à la présence des domaines DH 
(Db! homo/ogy - domaine catalytique) et PH (Pleckstrin homology - domaine de 
recrutement aux membranes) en tandem (Figure 1.26). Divers domaines d'interaction 
avec d'autres protéines sont également présents au sein de la protéine (Figure 1.26). 
Panni ces domaines, on retrouve un domaine SH3 qui lui permet de se lier à PAK1-3 
(Bagrodia et al., 1998 ; Manser et al. , 1998), à l'ubiquitine ligase c-Cbl (Flanders et 
al., 2003) et à Racl (ten Klooster et al. , 2006), un domaine d' interaction à GITl/2 
(GBD; GIT binding domain) (Turner et al., 1999 ; Zhao et al., 2000), un motif 
coiled-coil (CC) permettant la dimérisation (Kim et al., 2001 ), une région riche en 
praline (PR) favorisant l 'interaction avec les phosphatases POPX1 et POPX2 (Koh et 
al., 2002), et un motif de liaison au domaine PDZ pour 1' interaction avec Scribble et 
Shank (Park et al., 2003 ; Audebert et al. , 2004). Ces deux dernières protéines jouent 
un rôle dans l' endocytose et l'exocytose des récepteurs et dans le maintien de la 
polarité de cellules épithéliales (Bilder et Pen·imon, 2000 ; Legouis et al. , 2000 ; Park 
et al., 2003 ; Aude bert et al. , 2004 ; Lahuna et al., 2005 ; Zhang, Maximov, et al. , 
2005). Toutes ces interactions possibles jouent directement sur la localisation de a/~­
PIX et sur leur fonction. Par ailleurs, 1 'activité GEF de ~ -PIX est üù1ibée par la 
présence d'un motif T 1 au sein de la protéine, et cette inhibition peut être levée via la 
phosphorylation de la tyrosine 442 par Src. Cette phosphorylation, qui active 
l 'activité GEF de ~-PIX envers Cdc42, peut entraîner la formation d'un complexe 
Cdc42/~-PIX/Cbl qui joue un rôle important dans le contrôle de la croissance 
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cellulaire (F eng et al. , 2006), et favorise également la migration et 1' invasion 
cellulaire (Feng et al. , 2010). 
aPl X - tl=- ~=tc.• -tl:- _tl ... 
I)PIX 
p50Cool-1 ~~ -·~·- .... [~ 
Calponin homology domain;function presently unknown 
Src homology 3 domain; binds PAK1-3, c-Cbl , and Rac1 
Dbl homology domain; catalytic domain; interacts directly with Cdc42 and Rac (see text) 
Pleckstrin homology domain; phosphoinositide and protein-protein interaction domain 
IID T1 insert; inhibits GEF activity; inhibition is relieved by Src phosphorylation ofY442 (asterisk) 
• Pro lin e-rich region; contains determinants required for binding POPX1 and POPX2 phosphatas es 
- GIT binding domain; binds GIT1 and GIT2 
Coiled-coiled region with putative leucine 2ipper; mediates homo- and hetero-dimerization 
PDZdomain binding motif; interacts with PDZ demains in Scribble and Shank 
Splice variant carboxy-terminus of p50Cool-1 
Figure 1.26 : Structure des protéines PIX. Représentation schématique et comparaison de 
la structure protéique et des différents domaines de a-PIX, P-PIX et p50Cool-l. Figure 
extraite de Frank et Hansen, 2008 . 
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1.5.2 Fonctions du complexe ~-PIX-PAK1 dans les processus de morphogenèse 
Nous venons de voir que les protéines ~ -PIX et P AK1 interagissent ensemble, 
formant un complexe capable de réguler spatio-temporellement l'activité des 
GTPases Cdc42 et Racl. Ensemble ces protéines régulent de nombreux processus 
cellulaires dont la dynamique des membranes, le réarrangement du cytosquelette 
d'actine et le remodelage des jonctions adhérentes. Ces trois mécanismes sont 
étroitement couplés aux mécanismes morphogéniques et sont donc importants dans le 
cadre de cette étude. Nous avons, par ailleurs, évoqué plus haut la fonction de P AK 1 
sur la contraction de la myosine (cf section 1.3.3.3) et nous ne reviendrons pas sur 
cette fonction dans cette partie. 
La fonction de ~-PIX-P AK1 la m1eux caractérisée à ce JOUr est le rôle dans la 
migration cellulaire et notmmnent au niveau des complexes d'adhésion focale 
(CAFs) . Dans ce contexte, nous nous intéresserons à décrire l' assemblage de ces 
CAFs ainsi que leur maturation tout en intégrant le rôle de ~-PIX-P AK1. Puis, nous 
aborderons un rôle nouveau conféré à ces deux protéines : le remodelage des 
jonctions apicales. 
1.5.2.1 Les complexes d'adhésion focale (CAFs) et la migration cellulaire 
Nous avons vu précédemment que la migration cellulaire joue un rôle important dans 
la morphogenèse et qu'elle dépend de contacts entre la cellule et la MEC lors de la 
formation de lamellipodes. Les principaux médiateurs de ce contact cellule-MEC sont 
les intégrines. Ces intégrines sont formées d 'un hétérodimère composé d 'une chaine a 
et d'une chaine ~ ' et font partie intégrante d'un complexe multimérique, composé 
d'au moins 180 protéines (Zaidel-Bar et al. , 2007 ; Zaidel-Bar et Geiger, 201 0), qui 
les connectent au cytosquelette d' actine (Burridge et al. , 1988 ; Jockusch et al. , 
1995). Pam1i ces contacts cellule-MEC dépendants des intégrines, trois groupes 
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d'adhésion, différant par leur mveau de maturation, se distinguent. Ce sont 
respectivement les adhésions naissantes, les complexes focaux et les adhésions 
focales (Figure 1.27). 
Adhésions 
naissante s 
Complexes 
focaux 
Adhésions 
focales 
Fron t d mig at1on 
F igure 1.27: Les complexes d 'adhésion cellule-matrice extracellula ire dépendants des 
intégrines. Représentation schématique d ' une cellule en migration (front de migration en 
haut) présentant les différents complexes d 'adhésion cellule-MEC en fonction de leur niveau 
de maturation . Sont représentés les adhésions naissantes, les complexes focaux et les 
adhésions foca les. La ligne pointillée sépare le Jamellipodium (au dessus de la ligne) du corps 
cellulaire (en dessous de la ligne). Figure adaptée de Vicente-Manzanares et H01witz, 2011. 
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Les adhésions naissantes se fonnent initialement à l'avant du front de migration dans 
une région appelée le lamellipodium (Cramer et al., 1997 ; Ponti et al., 2004). Ces 
adhésions naissantes sont des petites adhésions transitoires dont le cycle 
d'assemblage/désassemblage est très rapide (Zaidel-Bar et al., 2003 ; Nayal et al. , 
2006 ; Alexandrova et al. , 2008 ; Choi et al. , 2008) et qui génèrent la force de 
propulsion nécessaire à la migration cellulaire (Benin go et al. , 2001 ). La formation de 
ces adhésions naissantes requiert une activité de polymérisation de 1 'actine mais ne 
dépend pas de la contraction de la myosine (Vicente-Manzanares et al., 2007 ; 
Alexandrova et al. , 2008 ; Choi et al. , 2008). Dès que ces adhésions se retrouvent à 
1 'arrière du lamellipodiurn, elles peuvent soit se désassembler, soit subir un processus 
de maturation en complexes focaux. Ces derniers sont des complexes plus larges que 
les précédents et, bien que structurellement similaires aux adhésions naissantes, 
deviennent dépendants de la contraction de la myosine (Choi et al., 2008). Ils peuvent 
également soit se désassembler, soit croître pour former des adhésions focales. Ces 
adhésions focales sont de gros complexes d' adhésion matures qui , sous l'action de la 
contraction de la myosine, ralentissent le flux d' actine rétrograde normalement 
observé dans les lamellipodes (Guo et Wang, 2007 ; Alexandrova et al., 2008), et 
inhibe ainsi la migration cellulaire (Burnette et al. , 2011 ). Le recyclage rapide des 
adhésions naissantes et des complexes focaux favorisent, quant à lui , la migration 
cellulaire. C ' est dans ce processus d'assemblage et de désassemblage que ~-PIX et 
P AKl jouent un rôle important. 
L' assemblage des adhésions naissantes nécessite la présence de diverses protéines 
phosphorylées telles que la FAK (focal adhesion kinase) , Src, la paxilline, la 
pl30CAS, la vinculine, etc, (Kirchner et al. , 2003 ; Ballestrem et al., 2006), afin 
d' assurer le recrutement de protéines additionnelles et la polymérisation de l' actine 
(Figure 1.28). 
Nascent adhesions 
Extracell 1 r 
Arp213 
Leading edge ( •P o lamell pod1um) 
act n polymen a hon 
Assembly 
Arp213 
Endot 
• lame hpod1um 
actm disassembty 
1 Turnover 1 
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Figure 1.28 : Structure moléculaire des adhésions naissantes. Représentation schématique 
de la structure et de la composition moléculaire des adhésions naissantes (à gauche). A droite 
est représenté le rôle de la cofiline sur le turnover des adhésions naissantes . Figure adaptée de 
Vicente-Manzanares et Horwitz, 2011. 
Il a en effet été montré que la phosphorylation de pl30CAS est un évènement 
initiateur au recrutement et à l'activation de Ra cl, et à la fonnation des lamellipodes 
découlant de cette activation (Shanna et Mayer, 2008). Au niveau des complexes 
naissants, la paxilline est également phosphorylée par P AK sur la sérine 273 (Nayal 
et al., 2006) . Cette phosphorylation entraîne le recmtement de la protéine adaptatrice 
GITl , qui se retrouve ciblée à la bordure protrusive (Manabe et al. , 2002). GITl 
recrute ensuite ~-PIX qui en retour s'associe à la forme active de la protéine P AK 1. A 
ce niveau, ~-PIX peut être phosphorylée par FAK, augmentant l' affmité de ~-PIX 
pour Racl (Chang et al., 2007) et permettant ainsi de localiser l ' activité de la GTPase 
Racl au front de migration (Nishiya et al., 2005 ; Zhang, Webb, et al. , 2005 ; Nayal 
et al. , 2006). Le recmtement de ~-PIX, PAK.l et Racl au front de migration est 
également assuré par la protéine de polarité Scribble (Osmani et al., 2006 ; Dow et 
al. , 2007 ; Nola et al. , 2008). L'activité locale de Racl entraîne ensuite la 
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polymérisation de l'actine au mveau des complexes naissants via WA VE et le 
complexe de nucléation ARP2/3 (Figure 1.28). Cette polymérisation de l'actine est 
également favorisée par P AK dont l' activité est antagoniste à 1' activité de 
dépolymérisation de l'actine par la cofiline (Delorme et al., 2007). 
Les protéines ~-PIX et P AK 1 interviennent donc dans 1' assemblage des adhésions 
naissantes au niveau du lamellipodium. Cependant, afin d'assurer le bon déroulement 
de la migration cellulaire, le complexe ~-PIX-P AK.l joue également un rôle 
important dans l'assemblage/désassemblage des CAFs (Figure 1.29). 
assembly 
Figure 1.29: Modèle moléculaire de l'assemblage et du désassemblage des CAFs. 
L'assemblage et la maturation des complexes focaux est faci lité par la contraction de la 
myosine induite par RhoA/ROCK, Cdc42/MRCK et MLCK. L 'activation du complexe 
PlX/GIT/PAK dissocie la paxilline des complexes focaux, ce qui entraîne leur 
désassemblage. Le désassemblage des CAFs peut aussi être induit par 1 ' inhibition de la 
contraction des filaments d'actine-myosine par PAK, en aval de Cdc42 et Racl . Figure 
extraite de Zhao et al., 2000. 
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Plusieurs études montrent en effet que le complexe PIX/GIT IP AK favorise la 
libération de la paxilline, déstabilisant ainsi les adhésions focales et favorisant la 
migration (Zhao et al. , 2000 ; Nayal et al., 2006 ; Hammer et al. , 2015). n est 
également montré que le recyclage des CAFs peut se produire via l' inhibition de la 
phosphorylation de la MLC par P AK1 , diminuant ainsi la contraction de la myosine 
(Zhao et al. , 2000 ; Delorme-Walker et al. , 2011 ). Une telle diminution de la 
contraction de la myosine favorise le recrutement de ~ -PIX au niveau des complexes 
d'adhésion, qui lui-même augmente localement l'activité de Racl et favorise ainsi la 
migration cellulaire (Kuo et al., 2011). Ce dernier point décrit parfaitement 
l' antagonisme qui existe entre l' effecteur spécifique de RhoA, ROCK, et la protéine 
~-PIX au niveau des CAFs. En effet, lorsque ROCK est actif, il ent:I·aine une 
contraction de la myosine au niveau des adhésions focales, et son inhibition, ou 
1 'inhibition de la myosine II par la blebbistatine, entraine le recrutement de ~ -PIX à 
ces mêmes adhésions afin d'engendrer leur déstabilisation et leur recyclage (Kuo et 
al., 2011). 
Dans le contexte que nous avons décris ci-dessus, le complexe ~-PIX-PAKl a donc 
une activité pro-migratoire en favorisant le recyclage des CAFs et en inhibant leur 
maturation. Récemment, il a été montré qu'en plus de ce rôle dans le roulement des 
CAFs et dans la polarité migratoire, ~-PIX a un rôle dans la génération de stress 
mécanique induisant la migration collective. En effet, il a été montré dans des 
myoblastes de souris que la présence de P-cadhérine aux jonctions cellule-cellule 
entraine le recrutement de ~-PIX à ces jonctions. Ce recrutement spécifique de ~-PIX 
provoque l ' activation locale de la GTPase Cdc42, induisant de ce fait une 
augmentation de la tension mécanique intra et intercellulaire qui coordonne la 
migration collective des cellules (Plu toni et al., 20 16). 
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1.5 .2.2 B-PIX et P AK1 dans la formation et le remodelage des jonctions apicales. 
Depuis quelques années maintenant, il est admis que les intégrines et les cadhérines 
communiquent et coordonnent leurs fonctions afin de réguler les mécanismes 
d'adhésion cellulaire, de migration et de contraction. Il n 'est donc pas étonnant de 
voir que ce sont, en partie, les mêmes protéines qui régulent à la fois le remodelage 
des intégrines et celui des jonctions apicales. Pour illustrer ces propos, dans les 
expériences de fermeture de brèche (wound healing), il a été montré que P-PIX et 
P AK.l joue un rôle primordial dans la répression de la migration cellulaire et de la 
prolifération lorsque les cellules entrent en contact ; c'est ce que l 'on appelle 
l' inhibition de contact. En effet, lorsque les cellules migrent, P-PIX et PAK1 se 
localisent au front de migration, comme nous l'avons vu dans la section précédente. 
Et lorsque que les cellules entrent en contact, ces deux protéines sont redistribuées au 
niveau des contacts cellule-cellule, inhibant la migration et la prolifération cellulaire 
(Zegers et al. , 2003). Cette redistribution de P-PIX et PAK.l aux jonctions cellule-
cellule est dépendante des cadhérines (Liu et al., 201 0) et de Scribble (Frank et al., 
2012), et a pour conséquence d'entraîner la maturation des CAPs et d'empêcher 
1' apoptose des cellules épithéliales confluentes (Frank et al. , 20 12). La formation du 
complexe Scribble, associé à P-PIX et GIT1, est également importante pour la 
polarité épithéliale. Chez la drosophile, il a été montré que la mutation de 
Scribble/Scrib provoque une perte de polarité épithéliale, résultant d'une mauvaise 
localisation des jonctions adhérentes, accompagnée d'une perte de l'intégrité 
tissulaire (Bilder et al., 2000). Dans les cellules épithéliales mammifères, il a été 
montré que Scribble intéragit avec la P-caténjne et les E-cadhérines et qu 'elle 
stabilise les jonctions adhérentes (Navano et al., 2005 ; Yates et al. , 2013). La 
protéine P-PIX pounait jouer un rôle dans ce contexte. En effet, lorsque liée au 
complexe Scribble, elle activerait la GTPase Cdc42 (Osmani et al. , 2006) qui elle-
même agirait sur le complexe de polarité Par entraînant ultimement une activation de 
Racl , et permettant l' initiation et la maintenance de la polarité épithéliale (Joberty et 
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al. , 2000 ; Nishirnura et al., 2005 ; Ngok et al. , 2014). Il est également montré que 
Scribble assure la stabilité des complexes E-cadhérine en inhibant l 'endocytose de ces 
jonctions (Qin et al. , 2005 ; Lohia et al. , 2012). Bien que ~-PIX et PAK1 jouent 
également un rôle dans le maintien des jonctions adhérentes, co1ru11e cela a été 
montré dans les expériences de fermeture de brèche (Zegers et al. , 2003 ; Liu et al. , 
2010 ; Frank et al. , 2012) et durant l' épibolie du poisson zèbre (Tay et al. , 2010), leur 
rôle dans l'endocytose des jonctions adhérentes est opposé à ce maintien. En effet, au 
cours de la formation des glandes salivaires de D. melanogaster, P AK.l active 
1' endocytose des E-cadherines, permettant de définir au fmal la forme et la taille de la 
lumière de ces glandes (Pirraglia et al. , 201 0). Dans un contexte non-épithélial cette 
fois, ~-PIX et P AK1 ont été montrées essentielles à l' induction de la perméabilité 
vasculaire via l 'endocytose des VE-cadherines (Gavard et Gutkind, 2006 ; Stockton 
et al. , 2007). Ces études montrent donc que ~-PIX et PAK.l favorisent l' endocytose 
des jonctions adhérentes. 
La fonction de ~-PIX et P AK.l sur le remodelage des jonctions adhérentes reste 
controversée, certaines études montrant que ce complexe déstabilise les jonctions 
cellule-cellule alors que d'autres sont en faveur d'un maintien de ces jonctions. TI est 
donc important de ne pas généraliser le rôle de ces protéines et d'étudier au cas par 
cas suivant le type et le contexte cellulaire. 
1.5.3 Fonctions de ~-PIX/PIX-1 et P AK.l/P AK-1 chez C. elegans 
Les protéines ~-PIX et PAKl sont très bien conservées chez C. elegans , et sont 
respectivement appelées PIX-1 et PAK-1. Ici, nous allons décrire les différentes 
fonctions de P AK -1 et PIX -1 connues à ce jour. 
Comme suggérés par la localisation d'un rapporteur GFP fusionné à PAK-1 (lino et 
Yamamoto, 1998), cette protéine semble avoir plusieurs rôles chez C. elegans. Elle a 
en effet été retrouvé au sein des neurones moteurs, dans les cellules musculaires, dans 
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les gonades et dans les cellules de 1 'hypoderme des embryons en cours d'élongation 
(Chen et al. , 1996; lino et Yamamoto, 1998). Il a en effet été montré que PAK-1 agit 
sur l'orientation des axones en aval de CED-10/Racl et MIG-2/RhoG (Lucanie et al. , 
2006 ; Quinn et al. , 2008), ainsi que dans la migration neuronale (Ketmedy et al. , 
2013). Elle a aussi été impliquée dans l' élongation des gonades au sein d 'un 
complexe PIX-1/GIT-1/PAK-1 qui agit indépendamment des GTPases et en parallèle 
d'une voie de signalisation dépendante des GTPases (Lucanie et Cheng, 2008 ; Peters 
et al., 2013). PIX-1 a également un rôle dans la fonnation des protrusions et dans la 
migration des neuroblastes, de façon redondante à la GEF UNC-73/Trio (Dyer et al. , 
2010). Cependant les rôles de PIX-1 et PAK-1 qui nous intéressent plus 
particulièrement sont ceux qui ont été examinés au cours de la morphogenèse de 
1 'épidenne. 
En 1996, Chen et ses collègues ont amorcé le processus de compréhension de la 
protéine PAK- 1 (ou CePAK) au cours de la morphogenèse embryonnaire du C. 
elegans (Chen et al. , 1996). Au cours de leurs investigations, ils ont montré que, à 
l' instar de la protéine mammifère, PAK-1 est capable de lier les formes actives des 
GTPases Rac-1/CED-10 et Cdc42/CDC-42. Leur étude a également mis en avant que 
pak-1 est largement exprimée pendant 1 ' embryogenèse du nématode et que la protéine 
se retrouve localisée spécifiquement aux jonctions apicales se situant entre les 
cellules de l'hypodenne des embryons au cours de l'élongation précoce (Chen et al. , 
1996). Cette localisation est en accord avec le rôle conféré à P AK -1 au cours de cette 
étape. En effet, pendant l 'élongation précoce, l' activation de PAK-1 entraîne la 
phosphorylation de chaînes légères de myosine, en parallèle de LET -502/ROCK et 
MRCK-1/MRCK, ayant pour effet la contraction de la myosine II, processus essentiel 
au déroulement de cette étape (Gall y et al. , 2009). Toujours au cours de 
l'embryogenèse, P AK-1 est également impliquée dans la mécano-tranduction entre 
les muscles et l'hypoderme au cours de l'élongation tardive (Zhang et al., 2011 ). A ce 
stade, PAK-1 , tout comme la protéine PIX-1 , est localisée au niveau de structures 
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trans-épidennales appelées hémidesmosomes (HDs) (Chen et al. , 1996 ; Zhang et al. , 
2011 ). Sous 1' influence de la tension musculaire, la protéine adaptatrice GIT -1 est 
maintenue aux HDs où elle interagit supposément avec PIX-1 qui en retour active 
CED-10/Racl. Cette activation de CED-10/Rac1 entraîne elle-même l'activation de 
P AK-1. P AK-1 phosphoryle ensuite les filaments intermédiaires des HDs, ce qm 
entraîne la maturation des HDs et favorise l' élongation (Zhang et al., 2011). 
1.6 Problématique et hypothèses de travail 
L'étude de la morphogenèse des épithéliums utilisant des cellules mammifères en 
culture a été extrêmement utile pour identifier les mécanismes moléculaires 
contrôlant la déformation cellulaire et la régulation des complexes d' adhérence lors 
de ces déformations (Schock et Perrimon, 2002b). Cependant, ces études ne 
permettent pas de comprendre la régulation spatiotemporelle de ces mécanismes, et 
particulièrement ceux contrôlés par les GTPases Rho lors de la morphogenèse de 
tissus épithéliaux dans le contexte d'un organisme multi-cellulaire. Le but des 
recherches effectuées dans le laboratoire du Dr Jenna est d ' acquérir une telle 
compréhension. Ainsi 1 ' objectif général de mon doctorat vise à étudier le rôle des 
GTPases Rho au cours de 1 'élongation embryonnaire précoce du Caenorhabditis 
elegans, et plus particulièrement caractériser la voie de signalisation impliquant la 
GEF et l'effecteur spécifique de Racl et Cdc42, PIX1/PIX-1 et PAK1/PAK-l. 
Au cours de l' élongation embryonnaire précoce du C. elegans, PAK-1 a été décrite 
comme une kinase phosphorylant les chaînes légères de myosine et favorisant ainsi la 
contraction de l'appareil actine-myosine ; cependant peu de choses est connu quant à 
ses partenaires et son mécanisme d'action à ce stade. Durant l'élongation tardive, par 
contre, PAK-1 agit au niveau des hémidesmosomes avec PIX-1. Au sein du 
laboratoire, des études préliminaires ont montré que les mutants pix-1 présentent une 
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morphologie similaire aux mutants pak-1 et nous nous demandons si ces protéines 
PIX-1 et PAK-1 agissent ensemble au cours de la morphogenèse du C. elegans, et 
plus particulièrement pendant 1' étape d'élongation embryonnaire précoce. 
La première partie de cette thèse vise donc à décrire le rôle général de pix-1 et pak-1 
au cours de l'élongation embryonnaire précoce du C. elegans. Nous montrons que 
pix-1 contrôle l'élongation précoce dans la même voie que pak-1 et en parallèle de la 
voie mel-11/let-502. Nous avons ensuite développé de nouvelles méthodes d'analyse 
de la morphogenèse embryonnaire afin de caractériser le rôle de ces deux voies. 
Ainsi, nous démontrons que ces deux voies agissent différemment sur la 
morphogenèse le long de 1 'axe antéro-postérieur de 1' embryon. En effet, let-5 02 
semble réduire autant la tête que la queue de l' embryon alors que pix-1 et pak-1 
agissent principalement sur la réduction de la tête. Nous observons également que 
PIX-1 est exprimée dans les cellules de l'hypoderme mais que son expression doit 
être réduite dans les cellules dorsales postérieures pour permettre une élongation 
efficace. Ces données suggèrent donc que l'élongation embryonnaire précoce est 
contrôlée par deux voies parallèles dont le rôle est régulé le long de l'axe antéro-
postérieur et dorso-ventral. 
Dans une seconde partie, nous avons caractérisé plus en détail le rôle de la voie let-
502 et de la voie pix-1/pak-1 au cours de l'élongation précoce. Nous avons pour cela 
développé de nouvelles techniques d'imagerie confocale et d'analyses pour étudier la 
morphogenèse, non plus à l'échelle de l'organisme entier, mais à l'échelle cellulaire. 
En mesurant la réduction/élongation de taille des jonctions apicales, l'anisotropie des 
jonctions, la densité des clusters jonctionnels et la forme des protrusions, nous 
montrons qu'un antagonisme existe entre la voie let-502 (Rho-like) et pix-1/pak-1 
(Rac-like) à 1' échelle cellulaire. Cela se traduit par la domination de la voie Rho-like 
dans les cellules latérales antérieures, et par la domination de la voie Rac-like dans les 
cellules dorsales antérieures . Nous montrons pour la première fois une hétérogénéité 
cellule-cellule contrôlée par l' antagonisme RhoA/Racl au cours d 'un évènement de 
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morphogenèse épithéliale, et nous montrons également que cette hétérogénéité est 
nécessaire à une morphogenèse embryonnaire correcte. 

CHAPITRE II 
pix-1 CONTRÔLE L'ÉLONGATION EMBRYONNAIRE PRÉCOCE DU 
CAENORHABD1DTIS ELEGANS EN PARALLÈLE DE mel-11 ET let-502. 
Le travail de ce chapitre a été publié, en avril 2014, de la revue FLoS One 9(4): 
e94684. (Voir la version publiée en Annexe A) 
Contribution des auteurs : 
Emmanuel Martin : conception, design, acquisitions, analyse et interprétation des 
résultats, rédaction du manuscrit, montage des figures et révision de l'article ; 
expériences :mesure de la taille des embryons à la fin de l'élongation précoce (Figure 
ID), mesure des ratios tête/queue (Figure 2 et 3D), croisements des transgéniques, 
toute l 'imagerie confocale et les quantifications qui s'y rapportent (Figure 4, 5, 6). 
Sharon Harel : conception, design, acquisitions, analyse et interprétation des 
résultats, rédaction du manuscrit, montage des figures ; expériences : analyse 
phénotypique des larves Ll des différents mutants (Figure lB et 3C), mesure du 
temps d'élongation précoce (Figure lC), croisements et interactions génétiques 
(Table 2). Bernard Nkengfac : Interactions génétiques (Table 1 et 2). Karim Hamiche 
:génération des vers transgéniques sajExl[pix-1p :.pix-1 ::gfp + rol-6] , sajls2[pix-lp 
::pix-1 ::gfp + unc-119R] ; expériences : létalité embrymmaire Table 1. Mathieu 
Neault : acquisition des larves Ll des différents mutants (Figure lA et 3A et B). 
Sarah ]enna : conception, design, analyse et interprétation des résultats, rédaction du 
manuscrit, montage des figures et révision de l ' article. 
NOTE : Les références de l'article sont incluses dans la bibliographie générale. 
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2.1 Résumé 
Le changement de forme des cellules est un mécanisme crucial pour le 
développement des métazoaires. Au cours de l ' embryogenèse du Caenorhabditis 
elegans par exemple, les cellules épithéliales changent de fonne pour permettre à des 
embryons ovoïdes de se transformer en larves. Ce processus est divisé en deux 
phases : l' élongation précoce et tardive. L' élongation précoce implique la contraction 
des câbles circonférentiels d'actine dans les cellules latérales de l' épiderme (ou 
hypoderme) . Les gènes régulant l'élongation précoce sont répartit en deux voies de 
signalisation parallèles. La première voie implique un effecteur spécifique de rho-
1/RhoA, let-502/ROCK, et la sous-unité régulatrice de la phosphatase de myosine 
mel-11 ; alors que dans la seconde voie, on retrouve un effecteur spécifique de 
CDC42 et Rac, pak-1. L'élongation tardive est, elle, menée par la mécano-
transduction entre les cellules ventrales et dorsales de l'hypoderme et les muscles 
sous-jacents. Elle implique une « Guanine-nucleotide Exchange Factor » (GEF) 
spécifique de Rac et CDC42 pix-1 , la GTPase ced-1 0/Rac, et pak-1. Dans cette étude, 
nous montrons que pix-1 contrôle 1' élongation précoce en parallèle de let-5 02/mel-11 , 
comme cela a déjà été montré pour pak-1. Nous montrons aussi que pix-1 , pak-1 et 
let-502 contrôlent la vitesse d 'élongation ainsi que la morphologie antéropostérieure 
des embryons. Plus spécifiquement, pix-1 et pak-1 contrôle la largeur de la tête, alors 
que let-502 contrôle à la fois la largeur de la tête et de la queue. Ces résultats 
suggèrent que la fonction de let-502 est requise tout au long de l'axe antéropostérieur 
de l' embryon, alors que la fonction de pix-1 et pak-1 est principalement requise dans 
la partie antérieure de l 'embryon. Allant dans le sens de cette hypothèse, nous 
montrons enfin qu 'un faible njveau d'expression de pix-1 dans les cellules dorsales 
postérieures de l'hypode1me est requis pour permettre une vitesse d 'élongation 
normale au cours de l' élongation précoce. 
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2.2 Abstract 
Cell shape changes are crucial for metazoan development. During Caenorhabditis 
elegans ernbryogenesis, epidermal cell shape changes transform ovoid embryos into 
vermifonn larvae. This process is divided into two phases: early and late elongation. 
Early elongation involves the contraction of filamentous actin bundles by 
phosphorylated non-muscle myosin in a subset of epidermal (hypodennal) cells. The 
genes controlling earl y elongation are associated with two parallel pathways. The first 
one involves the rho-1 !RHOA-specific effector let-502/Rho-kinase and mel-
11/myosin phosphatase regulatory subunit. The second pathway involves the 
CDC42/RAC-specific effector pak-1. Late elongation IS driven by 
mechanotransduction in ventral and dorsal hypode1mal cells in response to body-wall 
muscle contractions, and involves the CDC42/RAC-specific Guanine-nucleotide 
Exchange Factor (GEF) pix-1, the GTPase ced-1 0/RAC and pak-1 . 
In this study, pix-1 is shawn to control early elongation in parallel with let-502/mel-
11, as previously shawn for pak-1. We show that pix-1 , pak-1 and let-502 control the 
rate of elongation, and the antero-posterior morphology of the embryos. In particular, 
pix-1 and pak-1 are shawn to control head, but not tail width, while let-502 controls 
bath head and tail width. This suggests that let-502 function is required throughout 
the antero-posterior axis of the embryo during early elongation, while pix-1/pak-1 
function may be mostly required in the anterior part of the ernbryo. Supporting this 
hypothesis we show that low pix-1 expression level in the dorsal-posterior 
hypode1mal cells is required to ensure high elongation rate during early elongation. 
Keywords: Caenorhabditis elegans, morphogenesis, elongation, PIX, P AK, ROCK 
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2.3 Introduction 
ln mammals, the CDC42/RAC-specific Guanine-nucleotide exchange factor (GEF) 
a/~-PIX and the CDC42/RAC-specific effector kinase P AKs were shown to control 
cell migration, cell polarity, cytoskeleton remodeling and focal adhesion complex 
assembly/disassembly dynamics (Frank et Hansen, 2008). Tbeir involvement in the 
control of epithelium morphogenesis and migration of epithelial sheets bas also been 
recent! y established in mammals (Hunter et Zegers, 201 0), and in mode! organisms 
such as Drosophila melanogaster and Caenorhabditis elegans (Harden et al. , 1999 ; 
Gall y et al., 2009 ; Zhang et al. , 2011 ). Study of epithelial morpbogenesis in C. 
elegans appears as an excellent model to better understand the function of a/~ -PIX 
and P AKs dming complex morphogenie events in living organisms. 
ln the nematode C. elegans, embryonic elongation involves the extension of the 
embryo along its longitudinal axis and a reduction of its transverse diameter, resulting 
in a 4-fold increase in length. This morphogenetic event involves dramatic changes in 
the shape of the epidermal (hypodermal) cells . Elongation is divided into an earl y and 
a late phase. The early phase, from comma to 1.75-fold stage - corresponding to 
embryos tbat are 1.75-fold in length compared to non-elongated embryos -, occms 
through contraction of filamentous actin bundles (FBs) in hypodermal cells (Priess et 
Hirsh, 1986). The hypodermis is composed of ventral, lateral (seam cells) and dorsal 
cells, which are linked by adherens junctions (Keller, 2006b ). Contraction of FBs 
dming early elongation is thought to be high in the seam cells and low in dorsal and 
ventral hypodennal cells (Priess et Hirsh, 1986 ; Piekny et al., 2003). 
The late phase of elongation involves mechanotransduction signaling from the body-
wall muscles to the dorsal and ventral hypodennal cells (Zhang et al. , 2011 ). At the 
1.5-fold stage of development, muscle cells form connections, called trans-epidermal 
attachrnent structures (TEAs), with the dorsal and ventral hypodermis (Ding et al., 
2004). As embryos develop to the 1.75-fold stage, the muscles become functional and 
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start contracting, thus inducing chemical changes in the overlying hypodennal cells 
through mechanical tension applied on the TEAs (Zhang et al. , 2011). 
The signal transduction pathways that regulate early and late elongation have been 
extensively investigated over the last 15 years. lnterestingly, many genes controlling 
morphological changes of the hypodermis during elongation are effectors or 
regula tors of Rho GTPases (Piekny et al. , 2000 ; Diogon et al. , 2007 ; Gall y et al. , 
2009 ; Zhang et al., 2011). Rho GTPases are molecular switches controlling a wide-
range of cellular functions involving cell shape changes, cell migration, cell 
proliferation and differentiation (Takai et al. , 2001 ). They cycle between an "ON" 
GTP-bound form and an "OFF" GDP-bound fonn. When bound to GTP, they interact 
with specifie effectors. They are regulated by three families of proteins: Guanine 
nucleotide-Exchange Factors (GEFs); GTPase-Activating Proteins (GAPs); and 
Guanine nucleotide-Dissociation Inhibitors (GDis). To date, although three Rl10 
GTPases (rho-1/RHOA, ced-10/RAC and mig-2/RHOG) have been implicated in 
pathways controlling elongation, only three of their regulators (GAPs and GEFs) 
have been shawn to be involved in this process (Piekny et al. , 2000 ; Diogon et al. , 
2007 ; Zhang et al. , 2011 ; Lin et al. , 2012), suggesting that others remain to be 
identified. 
In hypodermal cells, contraction of the FBs during early elongation depends on the 
regulation of myosin-light-chain (MLC-4/MLC) phosphorylation by three serine-
threonine kinases, the RH0-1/RHOA-effector kinase LET-502/ROCK, the C. elegans 
ortholog of the CDC42-effector myotonic dystrophy kinase MRCK-1/MRCK and the 
CDC42/RAC-effector kinase PAK-1/PAKl. These kinases act antagonistically with 
the MEL-11/PP-1M and are organized in two parallel pathways: The let-502 /mel-1 1 
pathway including mrck-1 and a second pathway involvingpak-1 (Piekny et al. , 2000 
; Piekny et al. , 2003 ; Gally et al. , 2009). Downstream of these pathways, MLC-
4/MLC phosphorylation leads to non-muscle myosin filament assembly and 
contractility, while its dephosphorylation is associated with relaxation. 
75 
LET-502/ROCK is an essential component of the let-502/mel-11 pathway and an 
essential regulator of elongation (Wissmann et al., 1997). It is activated downstream 
of the Rho GTPase RH0-1 /RHOA (Spencer et al., 2001), that may itselfbe activated 
by the GEF RHGF-2 (Lin et al. , 2012) and inactivated by the GAP RGA-2 (Diogon 
et al. , 2007). Inactivation of RH0-1 by RGA-2, occurs in ventral and dorsal 
hypodennal cells during earl y elongation leading to inactivation of LET -502/ROCK 
and reduction of FB contractions in these cells (Diogon et al., 2007). RH0-1/RHOA 
and LET-502/ROCK may then be activated in the lateral hypodennal cells where 
most of the FB contractions may occur during early elongation. Consistent with this 
model, expression of MLC-4/MLC in the lateral cells can rescue mlc-4 loss-of-
function-associated elongation defects, while expression of MLC-4/MLC in ventral 
and dorsal cells cannat (Gally et al. , 2009). In seams cells, MEL-11/PP-1M may be 
inhibited by LET-502/ROCK and MRCK-1 /MRCK presumably through 
phosphorylation (Piekny et al., 2003 ; Gall y et al. , 2009). 
The second pathway involves the CDC42/RAC-effector PAK-1 , the PP2C 
phosphatase FEM-2/POPX2 and a RHO/RAC-specific GTP-nucleotide exchange 
factor (GEF) UNC-73/TRIO. The function of these two later proteins in the 
regulation of MLC-4 phosphorylation and/or PAK-1 function remains unknown 
(Piekny et al. , 2000 ; Piekny et al. , 2003 ; Gall y et al. , 2009 ; Vannes te et al. , 2013 ). 
To date, the genes controlling the pak-1 pathway during early elongation remain 
unknown. Moreover, the biological significance of the functional redundancy of the 
mel-Il /let-5 02 and pak-1 pathways is not clear. This redundancy is intriguing sin ce it 
does not appear to add robustness to the elongation system: a single perturbation in 
any component of the mel-Il / let-502 pathway induces a high proportion of 
embryonic lethality (Piekny et al., 2000). This suggests that the mel-11 /let-5 02 and 
pak-1 pathways have unique functions during elongation that remain to be identified. 
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The CDC42/RAC-specific GEF, PIX is a well-known activator of PAKs in severa) 
organisms (Frank et Hansen, 2008). In C. elegans, pix-1 codes for a protein 
homologous to the mammalian ~-PIX (Figure S1). It contains a Src-homology 3 
(SH3); a GEF/dbl homology (DH); a GIT-binding (GBD), and a PDZ binding (ZB) 
domains (Figure S1). These conserved domains are shown in mammals to mediate~­
PIX interaction with P AK1-3, the Rho GTPases CDC42 and RAC, the phosphatases 
POPXl/2, the ARFGAP GIT, the tumor suppressor Scribb1e and the postsynaptic 
density protein Shank (Frank et Hansen, 2008). In C. elegans, PIX-1 was shown to 
activate P AK-1 in a GTPase-independent manner in migrating distal tip cells (DTC) 
dming gonad morphogenesis in larvae (Lucanie et Cheng, 2008). In this system, 
P AK-1 activation still appears to be at )east partially dependent on CED-1 0/RAC 
Peters et al. , 2013 . PIX-1 was also shown to activate PAK-1 through the GTPase 
CED-1 0/RAC in hypodennal cells during la te elongation of embryos (Zhang et al. , 
2011). 
In this study, we demonstrate that pix-1 controls early elongation in parallel with mel-
11/let-502. Our data suggest that pix-1 is a novel component of the pak-1 pathway 
while retaining sorne function dming early elongation independent from pak-1 . We 
show that the pix-1 /pak-1 pathway controls the antero-posterior morphology of the 
embryo during early elongation through regulating head width, while let-502/ROCK 
controls both the head and tail width. Om study proposes a novel model for early 
elongation where the mel-11/let-502 and pix-1/pak-1 pathways have redundant and 
complementary functions to shape the antero-posterior axis of the embryo. 
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2.4 Results 
2.4.1 pix-1 andpak-1 control early elongation 
To investigate the role of pix-1 during early elongation, we examined the phenotypes 
of pix-1 (gk416) and pix-1 (ok982) embryos. As controls, we characterized the 
elongation phenotypes ofpak-1(ok448) and let-502(sbll8ts) mutant embryos, which 
display earl y elongation defects (Piekny et al., 2000 ; Gall y et al. , 2009. pix-1 (gk416) 
and pak-1 (ok448) are null alleles Lucanie et Cheng, 2008 ; Gally et al. , 2009. pix-
1 (ok982) con tains a 1002 bp deletion spanning ex ons 8 to 11 and may code for a 
protein that retains the N-terminal SH3 and RhoGEF/DH domains of PIX-1 (Figure 
S2.1). let-502(sbll8ts) is a thermosensitive allele coding for the RH0-1/RHOA-
effector kinase LET-502/ROCK. This allele shows no obvious phenotypes at 20°C, 
but displays strong elongation defects and L1-larval arrest characteristic of strong 
hypomorphic and nulllet-502 alleles at 25.5°C (Piekny et al. , 2000) (Figure 2.1). 
Phenotypic characterisation of animais carrying pix-1 (gk416), pix-1 (ok982) and pak-
1 (ok448) alleles revealed low penetrance embryonic lethality (Emb) and earl y larval 
arrest (Lva) confmning previous findings (Table 2.1) (Zhang et al., 2011). 
Measurements of pix-1 (gk416), pix-1 (ok982), pak-1 (ok448) and let-502(sbll8ts) 
arrested larvae showed that they were significantly shorter than synchronized wt L1 
larvae at 25 .5°C (T-test, p < 0.01) (Figure 2.1A and B). To better characterize the 
elongation defects associated with the pix-1 , pak-1 and let-5 02 alleles, we measured 
the duration of early elongation using four-dimensional light microscopy. To do so, 
embryos were collected through dissection of hermaphrodites grown at 25.5°C, and 
embryonic development was imaged at 23 -24°C. The duration of early elongation 
was measured from the 1.2-fold stage to the beginning of late elongation - when 
body wall muscles started contracting (Figure 2.1 C). Animais carrying let-
502(sbll8ts) (n=10), pix-1(gk416) (n=25) andpak-1(ok448) (n=20) alleles developed 
significantly slower than wt animais (n= 17) during earl y elongation (Figure 2.1 C). 
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We also measured the length of the embryos at the end of early elongation (Figure 
2.1D), and found that mutant embryos were significantly shorter than wt embryos 
(Figure 2.1D). These data demonstrate that the elongation rate ofpix-1 , pak-1 and let-
502 mutant embryos is significantly reduced during early elongation, and provide the 
first evidence of a requirement for pix-1 at this stage. They also confirm the 
involvement of pak-1 during earl y elongation (Gall y et al., 2009). 
Interestingly, pix-1 and pak-1 arrested larvae bad very similar morphologies and 
behavior. For example, they were thin and clear when compared to let-502 arrested 
larvae (Figure 2.1A). Fmthermore, they appeared to have different antero-posterior 
morphologies when compared to wt and let-502 larvae. When the width of the head 
(H3 , Figure 2.2A and B) and the width of the tai! (T3 , Figure 2.2A and B) were 
measured and combined as a head/tail width ratio (H3/T3 , Figure 2.2B), pix-
1 (gk416), pix-1 (ok982) and pak-1 (ok448) had significantly higher ratios than wt and 
let-502 larvae (H3/T3 , Figure 2.2B, data not shown). This indicates that pix-1 and 
pak-1 mutant arrested larvae present a morphological alteration characterized by an 
inflated anterior part of their body when compared to their posterior part. These 
mutants arrested larvae also had severe pharynx pumping defects and were 
completely paralyzed, although pumping in L3 escapers was similar to wt larvae 
(Figure S2.2). While these later phenotypes may be physiological consequences of 
primary developmental phenotypes, they support the fact that a similar anay of 
phenotypes is observed in pix-1 and pak-1 mutant animais . These data support then 
the hypothesis thatpix-1 and pak-1 could be part of the same developmental pathway. 
This also suggests that pix-1 and pak-1 control the relative width of the head vs. the 
tail of developing embryos, a process that does not seem to require let-502. 
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2.4.2 pix-1 and pak-1 control the head to tai! width of the embryos during early 
elongation 
Since pix-1 and pak-1are also involved in the control of late elongation, we 
investigated whether their function during early elongation is required to control the 
head to tail width ofthe animal. To do so, we measured the H/T ratio ofpix-1(gk416) , 
pak-1 (ok448) and let-502(sbll8ts) embryos at the beginning, 1.2-fold stage (Hl/Tl, 
Figure 2.2A and B), and at the end of the early elongation (H2/T2, Figure 2.2A and 
B). These experiments were done using the same populations of embryos 
characterized previously (Figure 2.1 C and D). While no change, or a reduced H/T 
ratio was observed in pix-1, pak-1 and let-502 mutants when compared to wt animais 
at the beginning of early elongation (Hl/Tl, Figure 2.2A), ail three mutants showed a 
significantly higher H/T ratio than wt embryos at the end of earl y elongation (T -test 
p-values <0.006; H2/T2, Figure 2.2A). This shows that the inflated head vs tail 
morphology observed in pix-1 and pak-1 anested larvae is also observed at the end of 
early elongation in pix-1, pak-1 and let-502 mutant embryos, suggesting that pix-1, 
pak-1 and let-502 control the head to tail width of the embryos at that stage. We then 
measured the reduction of head (H) and tail (T) width during earl y elongation. To do 
so, we compared the width of the head and the width of the tail of the embryos at the 
beginning and the end of early elongation (Hl/H2 and Tl /T2 respectively; Figure 
2.2C). In wt embryos the head and the tail appeared to be 1.4- and 1.16-fold wider at 
the begüming than at the end of early elongation (Figure 2.2C). This shows that the 
head width reduces more than the tail width during early elongation in wt animais. 
We found that the head width of the pix-1 and pak-1 mutant embryos reduced 
significantly less during early elongation than wt embryos (Figure 2.2C left panel) . 
We also found that the tail width reduced similarly in pix-1 and pak-1 mutant 
embryos than in wt embryos. Interestingly, the degrees of head and tail width 
reduction in let-502(sbll8ts) embryos were significantly lower than wt embryos and 
not significantly different than 1, suggesting that in let-502 mutant animais neither 
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the head, nor the tail width of the animal reduce during early elongation (Figure 
2.2C). 
Together, these data suggest that the higher reduction of the head versus the tail width 
of the embryo during earl y elongation requires pix-1, pak-1 and let-502 function. 
These three genes appear to be required for reduction of the head width of the 
embryo, white only let-502 may be required for reduction of the tai! width. 
2.4.3 pix-1 and pak-1 control early elongation m parallel with mel-1 1/let-502 
pathway 
pak-1 was previously proposed to control early elongation in parallel with the mel-
11/let-502 pathway (Gally et al. , 2009). To assess whether pix-1 also controls early 
elongation in parallel with the mel-1 1/let-502 pathway, we tested whether pix-
1 (gk416) genetically interacts with mel-11 (it26) and let-502(sb118ts) temperatme 
sensitive mutants, as reported for pak-1 (Gally et al. , 2009). At l8°C, 98% of mel-
il (it26) mutant embryos ruptme during elongation as previously described (Table 
2.2, line 3) (Piekny et al., 2000). The penetrance of this phenotype is increased to 
100% at 25.5°C. As previously shown, mel-11 (it26); pak-1 (ok448) double mutant 
embryos display phenotypes similar to mel-ll(it26) at both 18°C and 25.5°C (Table 
2.2 line 10) (Gally et al. , 2009). Interestingly, the mel-11 (it26) -associated embryonic 
ruptming is completely suppressed by pix-J(gk416) at l8°C and 25.5 oc (Table 2.2, 
line 4). A small fraction of mel-ll(it26); pix-l(gk416) hatched larvae arrest at the Ll 
stage with characteristic pix-1 phenotypes, and a penetrance similar to pix-1 (gk416) at 
l8°C (Table 2.2, line 2 and 4). Surprisingly, at 25.5°C, 9.7% of mel-11 (it26); pix-
1 (gk416) embryos arrest between 1.2- and 2-fold stages without ruptming and 40.3% 
of them display late elongation defects and stop developing without hatching (Table 
2.2, line 4) . These results show that pix-1 (gk416) suppresses both the expressivity -
the embryos arresting at 1.2-2 fold stages without rupturing - and the penetrance of 
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mel-Il early elongation defects at 25.5°C. Considering mel-Il (it26) to be null at 
25.5°C Wissmann et al., 1999, these data suggest thatpix-1 functions in parallel with 
mel-Il during early elongation. The aggravation of pix-1 associated late elongation 
defects in a mel-11 (it26) background is somewhat intriguing and provides the first 
evidence suggesting an involvement of mel-Il in la te elongation, in pm·allel with pix-
1. 
We then assessed whether pix-1 (gk416) and pak-1 (ok448) interacts with let-
502(sbll8ts) at 25.5°C. As previously shawn, few let-502(sbll8ts) embryos arrest 
between the 1.2- and 2-fold stage at restrictive temperature and the vast majority of 
the animais hatch as non-elongated larvae (Table 2.2, line 5, Figure 2.1A) (Piekny et 
al., 2000). 89% and 100% of let-502(sbll8ts) embryos arrest between 1.2- and 2-fold 
stages in pix-1 (gk416) and pak-1 (ok448) backgrounds, respectively at 25.5°C (Table 
2.2, line 6 and 11). In addition, let-502(sb118ts); pix-1 (gk416) hatched larvae arrested 
with more severe elongation defects than let-502(sb1 18ts) animais (Table 2.2, line 6; 
Figure 2.3A and C), while their head/tail width ratio is not significantly different than 
wt as observed for let-502(sbll8ts) arrested larvae (Figure 2.3D). These results 
suggest th at pix-1 functions in parallel with let-5 02 to control elongation, as 
previously shawn for pak-1 (Gally et al., 2009), and that the loss of let-502 function 
suppress the higher H/T ratio observed in pix-1 mutant arrested larvae when 
compared to wt. Interestingly, the aggravation of let-502 defects by pix-1 (gk416) 
appears to be weaker than that observed for pak-1 (ok448) , suggesting that pix-1 is 
redundant with a yet unidentified gene in parallel with let-502. 
To assess if pix-1 functions in parallel with the let-502/mel-11 pathway, we generated 
mel-JJ(it26); let-502(sbl18ts); pix-J(gk416) triple mutants. At 18°C, mel-11(it26); 
let-502(sb1 18ts) display similar elongation defects to mel-Il (it26) single mutant 
embryos due to the thermosensitive natw-e of let-502(sb118ts) (e.g. wt phenotype at 
18°C; Table 2.2, compare lines 3 and 7). At non-restrictive temperature, a reduced 
nwnber of mel-11 (it26) ; let-502(sb118ts); pix-1 (gk416) animais arrest during earl y 
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elongation when compared to mel-11 (it26); let-502(sb118ts) (Table 2.2, compare 
lines 7 and 8). This is consistent with our data showing suppression of mel-11 (it26) 
early elongation defects by pix-1 (gk416) (Table 2.2 line 4). At 25.5 °C, mel-Il (it26) ; 
let-502(sb118ts) are viable and embryos display 24% early elongation arrest (Table 
2.2 line 7). At restrictive temperature, elongation defects are aggravated in mel-
Il (it26); let-502(sbll8ts); pix-1 (gk416) triple mutants in comparison to mel-Il (it26) ; 
let-5 02 (sb 118ts) double mutants (Table 2.2, compare li nes 7 and 8) : 43.1 % embryos 
arrested during early elongation (compared to 24% in mel-11 (it26); let-502(sbll8ts)) , 
and 31% of animais hatched as non-elongated larvae presenting pix-1 mutant-
associated morphology (compared to 0% in mel-11(it26); let-502(sbl18ts); Figure 
2.3B and C). Interestingly, mel-11 (it26); let-502(sb118ts); pix-1 (gk416) arrested 
larvae present a H/T width ratio significantly higher than wt and similar to that 
observed in pix-1 (gk416) arrested larvae (Figure 2.3D). This suggests that in mel-
11 (it26) background, loss of let-502 function is not anymore able to suppress pix-1 -
induced H/T ratio defect. 
As previously shown, 100% of mel-11 (it26) ; let-502(sbl18ts); pak-1 (ok448) embryos 
fai led to hatch and displayed earl y elongation arrest (Table 2.2, line 12) (Gall y et al., 
2009). These results suggest th at pix-1 functions in parallel with the let-5 02/mel-11 
pathway during early elongation, as shown for pak-1. However, the increased 
phenotypic severity observed in pak-1 vs. pix-1 mutants suggests that pix-1 functions 
redundantly with a gene or a group of genes in pm·allel with mel-11/let-502 dming 
early elongation. The different relationship observed between mef-11 and pix-1 or 
pak-1 mutants also suggests that pix-1 and pak-1 have independent functions during 
early elongation. Whether this is the case during late elongation, could not be 
ascertained from our data. 
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2.4.4 PIX-l::GFP is homogeneously distributed m the cytoplasm and at cell 
periphery of hypodermal cells 
pix-1 was previously shown to be involved in mechanotransduction signaling in 
ventral and dorsal hypodennal cells upon muscle contraction during late elongation 
events (Zhang et al., 2011). The localisation of PIX-1 at the TEA in dorsal and 
ventral hypodennal cells supports this function (Zhang et al. , 2011). Our data suggest 
that pix-1 also controls early elongation events. These events are thought to be 
directed by the contraction of filamentous actin bundles (FBs) at the cell periphery 
and at the most apical part of the lateral hypodermal cells (Gally et al. , 2009). To 
better understand the function of PIX -1 during earl y elongation, we characterized its 
subcellular localization in hypodennal cells during early elongation. To do so, we 
examined the localisation of PIX-l::GFP expressed under the control of the pix-1 
endogenous promoter in pix-1 (gk416) animais imrnuno-stained with MH27 
antibodies (staining of hypodermal adherens junctions; Figure 4) or expressing the 
filamentous actin-binding probe V AB-10ABo::mChetTy in hypodermal cells (Figure 
S2.4). Confocal microscopy analysis revealed that during early elongation, PIX-
1 ::GFP is expressed in the dorsal (Figure 2.4A-C, Figure S2.4A-F), lateral (Figure 
2.4D-F) and ventral hypodennal cells (Figure 2.4G-I, Figure S2.4D-F). Throughout 
earl y elongation, PIX -1: :GFP is located at the TEA in dorsal and ventral hypodermal 
cells, as previously reported (Figure 2.4 E, arrow-head) (Zhang et al., 2011) and is 
also homogeneously distributed in the cytoplasm and at the cell periphery of all 
expressing cells (Figure 2.4, Figure S2.4). Interestingly, at the comma stage, PIX-
1: :GFP expression appears to be reduced in severa! posterior dorsal hypodermal cells 
(Figure 4 B, arrowhead). Concomitant with the fusion of these cells, around the 1.2-
fold stage, the expression of PIX-l::GFP appears to be reduced in the fused cells 
(Figure 2.5A). 
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2.4.5 High expression of pix-1 in dorsal posterior hypodermis is detrimental for 
early elongation 
Considering that pix-1 controls reduction of the head but not the tail width of the 
embryos during early elongation, we were intrigued by the reduction of the 
expression of PIX-l::GFP in the dorsal-posterior hypodermal cells in the transgenic 
animals. We then quantified PIX-l::GFP expression in dorsal-anterior (DA), dorsal-
posterior (DP), ventral-anterior (V A), ventral-posterior (VP), lateral-anterior (LA) 
and lateral-posterior (LP) hypodem1al cells (Figme 2.5A). This study revealed a 
significant lower ratio of DP/DA and DPN expression when compared to LP/LA, 
VP/V A, DAN and DA/L ratios, which were not significantly different than 1 (Figure 
2.5B). Similar data were obtained using two independent transgenic !ines expressing 
translational fusions of PIX-l::GFP under the control of the pix-1 endogenous 
promoter, one transgenic line carrying an extrachromosomal array (pix-
1 (gk416);sajEx1) and one stable transgenic line carrying an integrated anay (unc-
119(ed3);pix-1(gk416);sajls1 see Methods). We also found that all measmed ratios 
were constant throughout early elongation (Figure S2.5). 
We then assessed whether the sajEx1[pix-1p::pix-1::GFP,rol-6} transgene could 
rescue elongation defects in pix-1(gk416) animals . We found that the transgene 
significantly rescued the larval arrest phenotype (Lva) of pix-1 (gk416) from 8.5% 
(N=1216) to 2.0% (N=917) (Table 1; T-test, p-value = 0.03). Using time-lapse 
microscopy, we also measmed the elongation rate ofwild-type (wt) , pix-1(gk416) and 
pix-1(gk416);sajEx1[pix-1p::pix-1::GFP, rol-6] embryos and found that the 
transgene did not significantly rescue the elongation rate of mutant animals (Figure 
2.6B). This suggests that while the expression of PIX-l::GFP fusion protein is 
sufficient to support PIX-1 function dming early elongation (rescuing Lva), it was not 
as efficient as the endogenous protein. 
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We tben observed the elongation rate of embryos at the single animal level and 
attempted to see if there was any correlation between a given expression pattern of 
the transgene and the ability of the transgene to efficiently rescue the mutant 
elongation rate defect. We found that transgenic embryos with similar elongation 
rates to wt embryos (elongation ::=: 288nm/min, Figure 2.6D) had DP/DA and DPN 
ratios of PIX-1 :: GFP intensity tbat were significantly lower than embryos tbat 
elongated slower (elongation < 288mn/min, p-value < 0.01 ; Figure 2.6D). No 
significant difference was observed for the LP/LA, VP/V A DA/V and DA/L ratios 
between the two populations of embryos (Figure 2.6D). These data show that PIX-
1 ::GFP expression was significantly reduced in dorsal-posterior cells when compared 
to dorsal-anterior and ventral cells in rescuing animais. Such reduction ofPIX-l::GFP 
expression in dorsal-posterior cells was not observed in non-rescuing animais . 
Impmiantly, animais presenting a DP/DA ratio higher than 0.5, elongated allnost 3 
times slower than wt animais (Figure 2.6A). Overall, the speed of early elongation 
appeared to be negatively correlated to the DP/DA ratio of PIX-1::GFP expression 
(Spearrnan correlation coefficient R2 > 0.427; p-value < 0.002; Figure 2.6C), but not 
to any other PIX -1: :GFP intensity ratio measured in hypodermal cells (Figure S2.6). 
Similar results were obtained using two independent pixp ::pix-1: :GFP expressing 
transgenic lines, one carrying an extrachromosomal array (pix-1 (gk416);sajEx1) , and 
a stable transgenic line carrymg an integrated array (unc-119(ed3);pix-
1(gk416);saj1s1) . These data suggest that transgenic animais expressing PIX-1::GFP 
homogeneously in dorsal-anterior, lateral and ventral hypodermal cells, but two times 
less in dorsal-posterior cells, elongate at a wt-rate during early elongation. However, 
animais expressing the transgene in dorsal-posterior cells at a similar/higher level 
when compared to other cells elongated significantly slower. 
PIX-1 : :GFP is expressed in cells other than the hypodem1is, and we cannat ex elude 
the possibility that differentiai expression ofPIX-l::GFP in other cells may affect the 
rescuing ability of the transgene. To test this possibility, we generated transgenic 
86 
animais expressmg PIX-l::GFP under the control of the hypodennal specifie 
promoter, lin-26p. This promoter is thought to drive the expression of coding 
sequences only in hypodennal cells and in a homogenous manner (Gally et al. , 2009). 
We confinned this later assumption through measurements of the DP/DA 
fluorescence intensity ratios in lin26p::vab-JO(ABD): :GFP and lin-26p::vab-
JO(ABD)::mCherry transgenic animais can·ying integrated anays expressing actin-
binding fluorescent probes in all hypodermal cells under the control of lin-26p (Gally 
et al. , 2009). We showed that these ratio were not significantly different than 1 
(Figure 2.5C and D). 
As observed with pix-lp::pix-l ::GFP expressmg animais, transgenic animais 
canying an integrated array expressing PIX-l::GFP under the control of lin-26p 
segregated into two populations. The embryos of the first population displayed an 
elongation rate similar to wt (elongation rate ~ 288nm/min, Figure S2. 7) and bad 
DP/DA and DP/L intensity ratios that were significantly lower than the second 
population of embryos that elongated slower (elongation rate < 288nm/min, Figure 
S2 .7) . As shown for transgenic animais expressing pix-lp:.pix-J :: GFP, all animais 
expressing PIX-l::GFP under the control of lin-26p express similar levels of the 
transgene in DA, L and V cells (Figure S2.7). These data support our hypothesis that 
a DP/DA PIX-1 : :GFP expression ratio higher than 0.5 may hinder earl y elongation. 
To determine if the lower DP/DA, DP/L and DP/V intensity ratios observed in 
embryos with a wt-like elongation rate were due to a reduced expression of PIX-
1 ::GFP in DP cells orto an increased expression ofPIX-1 ::GFP in DA, Land V cells, 
we measured the fluorescence intensity of PIX-1 ::GFP in DA and DP cells in lin-
26p::pix-l::GFP expressing animais. We found that the PIX-l::GFP fluorescence 
intensity was not significantly different in the DA cells of embryos developing at a 
wt-rate when compared to those developing at slower rates (Figure 2.6E). However, 
PIX-1 ::GFP fluorescence intensity appeared to be significantly lower in the DP 
hypodermal cells in the subpopulation of embryos that elongated faster. This 
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phenomenon was observed in two independent stable transgenic lines. These data 
suggest that the DP/DA ratios in embryos that elongated at a wt-rate was not due to 
an increased expression ofPIX-l::GFP in the DA cells, but to decreased PIX-l::GFP 
expression in the DP cells. 
Altogether, these data suggest that homogenous expression ofPIX-l::GFP in dorsal-
anterior, lateral and ventral hypodermal cells, and decreased expression in dorsal-
posterior cells significantly rescued the elongation defects observed in the pix-
1 (gk416) animais. They also suggest that expression of the transgene in dorsal-
posterior cells above a threshold corresponding to half the expression in the other 
hypodermal cells decreases the efficiency of early elongation. This suggests that pix-1 
may be submitted to a tight control of its expression level in hypodennal cells, 
particularly to decrease its level in the dorsal-posterior cells. 
2.5 Discussion 
Embryonic elongation transfonns the ovoid embryo into the long, thin vem1iform 
nematode. This morphogenetic process occurs in two phases. The early elongation is 
driven by the contraction of Filamentous actin Bundles (FBs) in hypodennal cells . 
The late elongation is driven by a mechanotransduction pathway in the dorsal and 
venh·al hypodennis resulting from contraction of the underlying muscle cells. 
Two parallel pathways control early elongation. One pathway involves two kinases: 
the RH0-1/RHOA effector LET -502/ROCK and the ortho log of the CDC-42-effector 
hum an myotonic dystrophy kinase MRCK-1 /MRCK (Piekny et al. , 2000 ; Piekny et 
al. , 2003). Bath kinases are thought to inhibit the function of MEL-11/PP-lM thus 
permitting phorphorylation of myosin-light chain (MLC-4/MLC) and contraction of 
FBs. The second pathway involves the CDC42/RAC-effector PAK-1 , the PP2C 
phosphatase FEM-2/POPX2 and a RHO/RAC GTP nucleotide-exchange factor 
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(GEF) UNC-73/TRIO. The function of these two later genes in the regulation of 
MLC-4/MLC phosphorylation and/or PAK-1 function remains unknown (Piekny et 
al. , 2000 ; Piekny et al. , 2003 ; Gally et al. , 2009 ; Vanneste et al. , 2013). 
Downstream of the two parallel pathways LET-502/ROCK and PAK-1 are thought to 
phosphorylate MLC-4/MLC in the hypodermal cells and to control contraction of 
FBs. This contraction is assumed to be high in the lateral and low in the ventral and 
dorsal hypodem1al cells during earl y elongation (Diogon et al. , 2007). 
In this study, we show that the CDC42/RAC-GEF pix-1 controls early elongation in 
parallel with the mel-1 J/let-502 pathway. Our data suggest that pix-1 controls this 
pro cess as part of the pak-1 pathway in parallel with a gene (or a group of genes) th at 
remains to be identified. pix-1 may also function independently from pak-1. Our data 
suggest that PIX-1/PAK-1 and LET-502/ROCK have different function along the 
antero-posterior axis of the embryo dming early elongation : PIX-1 , PAK-1 and LET-
502/ROCK appear to control the constriction of the head while only LET -502/ROCK 
controls the constriction of the tail of the elongating embryo. Our study also revealed 
that PIX -1 : :GFP fusion prote in is homogeneously distributed in the cytoplasm and at 
the cel! periphery of hypodermis during early elongation. We showed that this fusion 
prote in res cu es the reduced elongation rate observed pix-1 (gk4 1 6) in a subset of 
transgenic animais expressing the transgene homogenously in dorsal-anterior, lateral 
and ventral cells and at a lower leve! in dorsal-posterior cells. Our results also suggest 
that PIX-1 expression above a certain threshold in dorsal-posterior hypodennal cells 
is detrimental for early elongation. 
2.5 .1 pi x-1 functions with unidentified genes in parallel with mel-11 /let-5 02. 
pix-1 and pak-1 mutants have similar elongation phenotypes and botb aggravate the 
elongation defects observed in mel-11 ; let-502 double mutant suggesting that these 
two genes control together a subset of developmental mechanisms in parallel with 
89 
mel-Il ; let-502 during early elongation. However, pix-1 mutant aggravates 
elongation defects associated with mel-Il; let-5 02 to a lesser extent than the pak-1 
mutant. This suggests that pix-1 functions with other genes that act in parallel with 
mel-11/let-502 pathway (Figure 2.7). 
In both marnmals and C. elegans ~PIX/PIX-1 was shawn to activate PAK-1 kinase 
activity in a GTPase-dependent ( canonical) or GTPase-independent (non-canonical) 
manner (Lucanie et Cheng, 2008 ; Zhang et al. , 2011 ; Peters et al., 2013). M. 
Labouesse's laboratory (IGBMC, Illkirch, France) showed using GTPase pull-down 
assays that the level of activation of the Rho GTPase CED-1 0/RAC was significantly 
lower in pix-1 (gk416) than in wt embryos, suggesting that PIX-1 regulates CED-
10/RAC activity during embryonic development (Zhang et al., 2011). We can then 
hypothesize, that PIX-1 may activate PAK-1 in a canonical manner through CED-
10/RAC during early elongation as shawn during late elongation (Zhang et al., 2011). 
Supporting this hypothesis, CED-10/RAC was located at both cell junctions and at 
the TEA within hypodermal cells in elongating embryos (Chen et al., 1996 ; Zhang et 
al., 2011). However, we cannat exclude the possibility that PIX-1 may also activate 
PAK-1 during early elongation in a GTPase-independant/non-canonical manner as 
shawn during gonad morphogenesis (Lucanie et Cheng, 2008 ; Peters et al., 20 13). 
Interestingly, the RHO/RAC specifie GEF unc-73/TRIO was also shawn to control 
early elongation in parallel to mel-11/let-502 (Piekny et al., 2000). The allele used in 
that study, rh40, consists of a missense mutation that elirninates its exchange activity 
towards CED-10/RAC, RAC-2/RAC and MIG-2/RHOG without affecting its activity 
towards RH0-1/RHOA (Steven et al., 1998 ; Spencer et al. , 2001 ). A UNC-73/TRIO 
- CED-10/RAC - PAK-1 pathway would then be an excellent candidate pathway 
controlling early elongation in parallel with a non-canonical PIX-1 - PAK-1 or a 
canonical PIX-1 - CED-10/RAC - PAK-1 pathway (Figure 7). Careful study will be 
required to test these hypotheses and to better understand the molecular mechanisms 
involving PIX-1 and controlling the activity ofPAK-1 during early elongation. 
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2.5.2 pix-1 may control early elongation in apak-1 dependent manner. 
While pix-1 and pak-1 may be part of the same pathway in parallel with mel-11/let-
502, mel-11 (it26)-inducing embryo rupturing is suppressed by pix-1 (gk416) but not 
by pak-1 (ok448) (Table 2). This intriguing genetic interaction between pix-1 and mel-
ll!PP-1M during elongation is similar to that observed betweenfem-2!POPX2 and 
mel-11/PP-1M, another gene shown to be part of the pak-1 pathway (Vanneste et al., 
2013). 
It was shown that the f em-2 null allele induces weak 1arval arrest with non-elongated 
larvae similar to that observed in pix-1 and pak-1 mutants Piekny et al., 2000. The 
f em-2 mutant can also aggravate mel-Il; let-502 double mutants and suppress the 
mel-Il ruptuling phenotype (Piekny et al. , 2000; Vanneste et al., 2013 . This suggests 
thatpix-1 , andfem-2!POPX2 function together to control early elongation in parallel 
with mel-11/let-502. Interestingly, the PP2C-like serine/threonine phosphatases, 
POPX2/Protein Phosphatase 1F, the closest homolog of FEM-2 in mammals, was 
shown to interact with P-Pix (ortholog of PIX-1) and to dephosphorylate and 
inactivate PAK1 (ortholog ofPAK-1) kinase activity in mammalian cells (Koh et al. , 
2002). It was suggested that the P-PIX - POPX2 complex controls the 
activation/inactivation turnover of P AK1 in mammalian cells (Huang et al. , 1998 ; 
Koh et al. , 2002). Considering that these proteins are highly conserved between C. 
elegans and mammals, we hypothesize that PIX-1 , FEM-2/POPX2 and PAK-1 may 
have functional relationships similar to their homologs in mammals. Following this 
hypothesis, PIX-1 and FEM-2/POPX2 may control the activation/inactivation 
turnover dynamics of P AK -1 during earl y elongation. Considering that pix-1 and f em-
2 mutant have similar interactions with mel-Il and let-502 during early elongation, 
this hypothesis suggests that a reduced or a sustained activation of P AK-1 alters 
similarly early elongation process. While this hypothesis would explain the genetic 
data obtained with pix-1 , f em-2 and pak-1 mutants during elongation, it still remains 
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to be confinned through a careful analysis of a possible relationship existing between 
PAK-1 activation/inactivation dynamics and the regulation of myosin contraction in 
C elegans hypodennal cells during early elongation. 
2.5.3 pi:x-1 may control early elongation in a pak-1 independent manner. 
Considering the molecular analysis ofmel-11 (it26) allele (Wissmann et al., 1999), we 
cannat exclude the possibility that this allele may not be completely null even at 
25.5°C. We can then hypothesize that pi:x-1 may function together with pak-1 in 
parallel with mel-Il and may also function upstream of mel-Il independently of pak-
1. This would constitute an alternative explanation for the suppression of mel-
Il (it26) -inducing rupturing by pix-1 but not by pak-1 allele. Interestingly, the kinase 
MRCK-1 /MRCK, whose mammalian ortholog, is an effector of CDC-42 (Wilkinson 
et al., 2005) was shown to control early elongation upstream of mel-Il (Gally et al., 
2009). CDC-42 being expressed in hypodermal cells during early elongation (Chen et 
al., 1996), and being also a potential target of PIX -1 GEF activity, we can 
hypothesize that PIX-1 may activate MRCK-1 through CDC-42 upstream ofMEL-11 
and may also activate PAK-1 in parallel with mel-11/let-502 (Figure 7) . 
2.5.4 The pix-1/pak-1 pathway mainly controls the constriction of the head of the 
embryos during early elongation 
Observation of the head to tail morphology of the elongating embryo showed that the 
anterior pm1 of the embryo at 1.2-fold stage is much wider than the posterior part. 
This suggests that contraction forces applied on the anterior part of the embryo is 
higher than in the posterior part at that stage. We showed that the mechanism leading 
to a faster reduction of the head width during earl y elongation is dependent on pix-1 , 
pak-1 and let-502/R.OCK and that reduction of the tail width is dependent on let-
5 02/R.OCK but neither on pix-1 nor on pak-1 . This suggests that contraction forces 
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controlled by let-502/ROCK are required for the embryo morphogenesis along the 
antero-posterior axis, while those controlled by the pix-1/pak-1 pathway may mostly 
be required in the anterior part of the embryo. This also suggests that either the pix-
1/pak-1 pathway induces contractions mostly in the anterior part of the embryo, or 
this pathway is redundant with another pathway (in addition to let-502/mel-11) 
specifically involved in the control of contractions in the posterior part of the embryo . 
Interestingly, we found that animal expressing PIX-l::GFP at a reduced level in the 
dorsal posterior cells present an elongation rate similar to wt. Higher expression of 
PIX-1 : :GFP in the dorsal-posterior cells is also shown to be detrimental for the 
elongation rate of embryos during earl y elongation. This suggests that the function of 
pix-1 is required at a low level in the dorsal-posterior hypodermal cells to ensure 
optimal elongation rate . This supports the hypothesis that the pix-1/pak-1 pathway 
may induce more contractions in the an teri or part of the embryo than in the posterior 
part. However, this hypothesis will have to be tested through careful measurement of 
contraction forces induced by the let-502/mel-11 and pix-1/pak-1 pathways in 
individual sets ofhypoderrnal cells during early elongation. 
We also showed that loss of let-502 function suppresses the increased head/tail width 
ratio observed in pix-1 arrested larvae when compared to wt and that this suppression 
occurs only in embryos expressing an active mel-Il (Figure 3D). These data suppo1i 
our observations that let-502; pix-1 arrested larvae display let-502 morphology, while 
let-502; mel-11 ; pix-1 larvae display pix-1 morphology (Table 2) . To explain these 
results, we may hypothesize that loss of let-502 may induce a severe reduction of 
contraction forces in hypodennal cells due to the activation of mel-11 . This activated 
mel-Il may then strongly suppress the contraction forces induced by the pix-1/pak-1 
pathway and consequently the difference of contraction forces applied on the head 
and tail during earl y elongation. According to this hypothesis, in absence of both let-
5 02 and mel-Il , deletion of pix-1 function is associated with the arrest of larvae 
displaying a similar increase of H/T width ratio than observed in single pix-1 (gk416) 
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mutants. These data confirm that MEL-11 function antagonizes both contraction 
forces induced by LET-502 and those induced by the PIX-1 /PAK-1 pathway (Figure 
7) (Wissmann et al. , 1997 ; Gally et al., 2009). 
In summary, our study demonstrates a function for pix-1 during early elongation 
within the pix-1/pak-1 pathway in parallel with me!-1 1/!et-502. At that stage, let-502 
may drive the contraction forces leading the reduction of the embryo circurnference 
along the antero-posterior axis, while the pix-1/pak-1 pathway may mainly control the 
contraction forces applied on the an teri or part of the embryo. 
2.6 Methods 
2.6.1 Strains and Culture Methods 
Control N2 and other animais were maintained in standard conditions at 20°C 
Brenner, 1974. Worm strains carrying the following mutations and markers: pix-
1(gk416) X, pix-l(ok982) X, pak-J(ok448) X, mc!s40 [lin-26p::ABDvab-JO::mcherry 
+ myo-2p::gfp] and mc!s50 [lin-26p::ABDvab-JO: :gfp + myo-2p::gfp], were 
obtained from the Caenorhabditis Genetic Center (CGC). Mutant strains were 
backcrossed at least 3 times against wild-type (wt) animais prior to analysis. Strains 
carrying let-502(sb118) L mel-ll(it26) unc-4(e120)/mnCJ JI and mel-ll(it26) unc-
4(e120) JI; let-502(sb118) 1, were kindly provided by Dr PaufMains (University of 
Calgary, Calgary, Canada). Mel-Il (it26) unc-4(e120) II; let-502(sb118) 1 were 
maintained at 25.5"C. mel-JJ(it26) unc-4(e120) II; let-502(sb118) 1; pix-l(gk416) X 
and mel-Il (it26) unc-4(e120) II; let-502(sb118) 1; pak-1 (ok448) X were generated 
after crossing mel-Il (it26) unc-4(e120) II; let-502(sb118) 1 hermaphrodites with pix-
l(gk416) X or pak-J(ok448) X males. Genotyping of F2 progeny was done through 
isolation of Une F2 (mel-11 (it26) unc-4 (el20) II homozygotes) at 15"C. Mutations in 
pix-1 and pak-1 genes were identified using Polymerase chain Reaction (PCR) and 
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let-502(sb118) 1 homozygotes were identified through scoring of embryonic lethality 
(Emb) and larval anest (Lva) phenotypes of populations grown at 18°C and 25.5°C. 
2.6.2 Generation ofTransgenic animais 
pix(gk416); sajEx1[pix-1p::pix-1 ::GFP;rol-6(su1006)] animais were generated by 
injection. Translational PIX -l::GFP fusion construct (pix-1 p : :pix-1 : :gjp) was 
obtained from Dr Chen HJ's laboratory (University of Califomia Davis, Davis, 
Califomia, USA) (Lucanie et Cheng, 2008) and injected at 15 ngi!J.l with pRF4 
(containing rol-6(su1006) at 50 ng/!J.l) inpix(gk416) animais. Rol transgenic animais 
were isolated and expression ofPIX-1: :GFP was assessed by fluorescent microscopy. 
Unc-119(ed3); pix-1 (gk416); sajls1 [pix-1p::pix-1::gfp; unc-119R] was generated 
using biolistic bombardment. To do so, constructs were generated thmugh 
amplification of the pix-1 promoter (1.6 kb upstream of the initiation codon), 
amplification using reverse-transcription and PCR using thermoscript II (life 
technologies) kit of pix-1 eDNA (from the ATG the codon in S'of the endogenous 
stop codon, including the intron between exon 1 and 2). Both DNA fragments were 
insetied using gateway recombination in pDONRP4P1R and pDONR201 respectively 
and recombined together in pMB 14. This construct was integrated by biolistic 
bombardment in unc-119(ed3); pix-1(gk416) strain, using a PDS-1000/He system 
with the Hepta adaptor (Bio-Rad) as previously reported (Berezikov et al., 2004) . 
Unc-119(ed3); pix-1(gk416); sajl s2[lin-26p::pix-1::GFP] and unc-119(ed3); pix-
1(gk416); sajls3[lin-26p: :pix-1 ::GFP] were independent, stable transgenic !ines 
generated also using biolostic bombardment. It contains 5kb of the lin-26 promoter, 
the pix-1 coding sequence including the intron between exon 1 and 2, and the GFP 
coding sequence in pMB14 vector. This construct was also integrated by biolistic 
bombardment in unc-119(ed3); pix-1(gk416) strain, using a PDS-1000/He system 
with the Hepta adaptor (Bio-Rad). 
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Transgenic animais expressing PIX-l::GFP together V AB-lO(ABD)::mCherry were 
obtained through crossing pix(gk416); sajEx1, unc-119(ed3); pix-1(gk416); sajlsl , 
unc-119(ed3); pix-1 (gk416); sajls2 and unc-119(ed3); pix-1 (gk416); sajls3 
hennaphrodites with mcls40[lin-26p::ABDvab-10::mcherry+myo-2p::gfp] males. 
Stable lines expressing GFP, mCherry transgenes and carrying pix-1 (gk416) allele 
were isolated from the F2 progeny. 
2.6.3 Phenotyping mutant animais and 4-dimensional microscopy 
To score Emb and Lva phenotypes, worms were synchronized by hypochlorite 
treatment. After synchronisation 10-20 worms were deposited on NGM agar with 
OP50 as a source of food Wonns were allowed to lay eggs at l8°C or 25 .5°C for 4 to 
5 hours and were washed off the plate with M9 medium. After 24 and 48 hours dead 
eggs and arrested Ll larvae were counted and observed at high magnification. The 
stage of embryonic arrest was confirmed in mutant animais using four-dimension 
microscopy. Embryos dissected from adult hermaphrodites were mounted on 3% 
agarose pads in M9 buffer and coverslips were sealed with drawing gum (pébéo ). 
Elongation was recorded using 4-dimensional microscopy (3D and time), which 
recorded a Z-stack every 2 minutes during 10 hours at 23-24°C using a Leica 
DM5500 microscope equipped with a 63X oil immersion objective upon differentiai 
interference contrast illumination (DIC). Images were captured using the Leica LAS 
AF imaging software. These recording were used to measure the duration of early 
elongation for at least 20 eggs from 1.2- to the end of earl y elongation - identified as 
the moment when body-wall muscles start contracting, the length of the embryos at 
the end of earl y elongation, the width of the head (measured at equidistance from the 
tip of the no se to the pharynx -intestinal valve), the width of the ta il (measured at 
equidistance from the pharynx-intestinal valve to the distal extremity of hyplO) at 
1.2-fold and at the end of early elongation in the different mutant animais. These 
measurements were done using Leica LAS AF6000 imaging analysis tools. The 
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reproducibility of these measmements were tested as detailed in the supplementary 
Figure 3. Length and bead/tail width measmements were also done on mutant 
arrested larvae and wild-type (wt) Ll arrested by starvation after hypochlorite 
treatment. The head/tail ratio was calculated as the ratio of the head width with the 
tail width in ~m per animal. The head (and tail) width reduction ratio was calculated 
as the ratio of the head width (or tail width) at 1.2-fold stage over the head width (or 
tail width) at the end of early elongation. Statistical significance was calculated using 
unpaired Student's T-test. 
2.6.4 Immunostaining of embryos 
For indirect irnmunofluorescence, embryos were fixed using 3% paraforrnaldehyde at 
room temperatme for 10 minutes. Following washes with PBS (137 mM NaCl, 2.7 
mM KCl, 4.3 mM Na2HP04, 1.47 mM KH2P04 Adjust to a final pH of7.4.), embryos 
were incubated 10 minutes in cold methanol, and extensively washed with PBS. 
Fixed embryos were incubated ovemight at 4 oc with appropriate dilutions of primary 
antibodies in cultme media (4X eggs salt, 0.5% Hepes lM, 5% goat serum). Mouse 
anti-MH-27 antibodies (The Developmental Studies Hybridoma Bank, University of 
Iowa) were used at 1: 10 dilution, rab bit an ti -GFP antibodies were used at 1:500 
(Invitrogen). After three washes with culture media ( 4X egg salt, 0.5% HEPES lM, 
goat serum 5%), embryos were incubated at room temperature for lb with 1:200 
dilution of either anti-mouse IgG conjugated to TRITC or anti-rabbit IgG conjugated 
to FITC (Jackson ImmunoResearch) in lX-PBS . Embryos were washed three times 
with cultme media and incubated with 100 ng/ml of DAPI for 1 minute at room 
temperatme, washed with water, resuspended in 40 ~1 ofMowiol (sigma Aldrich) and 
mounted on slides. 
2.6.5 Confocal fluorescence microscopy 
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The expression pattern ofPIX-l::GFP in living animals was observed using a Nikon 
AIR confocal microscope with lOOX ail CFI NA 1.45 Plan Apochromat À objective. 
All images were captured with a pinhole size of 59.1 ).!ID, with a calibration of 0.12 
)lm/pixel (radial resolution of 0.20 ).!ID) and a Z-step of 0.15 )lill. Images were 
captures using NIS-element software (Nikon). Deconvolution was done using 
Autoquant 3X, 3D deconvolution software. Orthogonal views, and fluorescence 
quantifications were generated usmg ImageJ software. For fluorescence 
quantification, individual Z-steps were extracted from Z-stacks recording of 
elongating embryos. DP, DA, LP, LA, VP, VA hypodermal cells were selected using 
ImageJ 'polygon selections ' tool. Nuclei of cells in these areas were also selected 
using the same tool. The Raw intensities of selected areas were measured using area 
and gray value function. Raw Intensities of nuclei were subtracted to raw intensities 
of selected hypodermal sections. The pixel mean value was then calculated dividing 
this adjusted raw intensity by the area size selected excluding also size of nuclei . 
Intensity ratios and raw intensities were calculated and used using the resulting value. 
Comparison of raw intensities between different animais was done on image captured 
within a week, to limit the impact of laser fluctuation. This fluctuation was controlled 
through comparison of intensities obtained for the same sample at different days. 
Fluorescence intensity was compared on images captured using the same laser power 
and adjusted photomultiplier tube (PMT). Statistical significance of quantification 
was assessed using the unpaired student T -test. Spearman correlation coefficients and 
statistical tests for significance of correlation between two quantitative variables were 
calculated using spearman cor. test function in R (Bioconductor). 
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2.8 Tables 
Table 2.1 : Embryonic letha lity and arrest of non-elongated larvae in pix-1 and 
pak-1 mutants 
18°C 25.5 oc 
Alle le 
Emb Lva Emb Lva 
(%) (%) 11 (%) (%) n 
Wt 0 0 709 0.5 0 2367 
pix-1 (ok982) 6 7 1140 11 15 679 
pix-1 (gk416) 1 6 713 2.14 8.5 1216 
pix-1 (gk4 16);sajEx1 [pix-1p ::pix-
1.2 2.0 917 - - -
1: :GFP; rol-6] 
pak-1 (ok448) 1 12 2502 3 25 .6 264 
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Table 2.2 Genetic interactions of pix-1 and pak-1 with mel-11 and let-502 
mutants 
l8°C 25 .5°C 
earl y earl y 
Genotype elongation Lva (%) n elongation Lva (%) 
an-est(%) an-est(%) 
1 wt 0 0 531 0 0 
2 pix-1 (gk416) 0 5 420 0 8,5* 
3 mel-11 (it26) 98$ 0 508 100$ 0 
4 mel-11 (it26); pix-1 (gk416) 0 3 100 9 7$$ 
' 
40,3*** 
5 let-502(sb118ts) 0 0 645 7,9 91 ,2* * 
6 let-502(sb118ts); pix-1 (gk416) 18,1 2,5 764 89 11 ** 
7 mel-11 (it26); let-502(sb118ts) 96 0 905 24 0 
8 
m.el-11 (it26); let-502(sb118ts); 
29,8 2,2 359 43 ,1 31* 
pix-1(gk416) 
9 pak-1 (ok448) 0 12 1714 0 25,8* 
10 mel-11 (it26); pak-1 (ok448) 98 0 763 100 0 
11 let-502(sb118ts); pak-1 (ok448) 1 90 2417 100 0 
12 
m.el-11 (it26),· let-502(sb118ts); 
100 0 1066 100 0 
pak-1 (ok448) 
Early elongation arrest mclude embryos arrestmg between comma and 1.75-fold w1th 
or without rupturing 
* an-ested larvae present a pix-1 (gk416) specifie morphology (Figure lA) 
** anested larvae present a let-502 (sb 118ts) specifie morphology (Figure lA) 
*** late elongation anest without hatching 
s all an-ested embryos rupture 
$$ 0% rupture 
n 
323 
1190 
65 
62 
353 
373 
487 
297 
256 
931 
2003 
891 
100 
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Figure 2.1 : pix-1 and pak-1 control early elongation. 
A) Arrested larvae of pix-1 (gk416), pix-1 (ok982), pak-1 (ok448) and let-502(sbl18ts) 
mutants grown at 25.5°C. Bar = 25 Jlill. B) Box-plot representing the distribution of 
sizes of arrested larvae in mutant populations grown at 25.5°C. The box-plot 
represents the min, max, 25 111 , 50th (median) and 75th percentile of the population. 
Distribution of wild- type animais (wt) has been established using N2 LI larvae 
synchronized by starvation after hypochlorite treatment. C) Box-plot representing the 
distribution of the duration in minutes of early elongation for wt and mutants 
embryos. Embryos are collected through dissection of hermaphrodites grown at 
25 .5°C. Embryonic development is recorded at 23-24°C. D) Box-plot representing 
the distribution of the length of embryos (in 11m) at the end of earl y elongation. The 
same population of embryos was used to generate data presented in panel C and D. 
Student's T -testp-values are indicated 
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Figure 2.2 : pix-1, pak-1 and let-502 control the head to tail width ratio of 
elongating embryos. 
Head (H) and tail (T) width are measured on 1.2-fold stage embryos (Hl and Tl); at 
the end of early elongation (H2 and T2) and in anested larvae (H3 and T3) . In all 
panels of this figure animais were grown at 25 .5°C. Embryos were collected through 
dissection of hem1aphrodite grown at 25 .5°C. Embryonic development is then 
recorded using 4-dimensional microscopy at 23-24°C. A) Distribution of ratio 
between the head and ta il width of embryos at 1.2-fold stage (H liT 1; le ft panel), at 
the end of earl y elongation (H2/T2; middle panel) and of anested larvae (H3/T3 ; right 
panel) in wt, pix-l (gk416) , pak-l(ok448) and let-502(sb118ts) mutants. B) 
Localisation of measured areas in embryos and larvae C) Distribution of the head 
(Hl/H2) and tail (Tl /T2) width reduction ratios during early elongation. The box-
plots represent the min, max, 25t11 , 50111 (median) and 75 111 percentiles of the 
populations. Student' s T -test p-values are indicated 
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Figure 2.3 : pix-l(gk416) controls early elongation in parallel with mel-11/let-502. 
A) Morphology of let-502 (sbll 8ts); pix-1 (gk416) and B) mel-Il (it26) ; let-502 
(sb l18ts); pix-l (gk416) arrested larvae grown at 25.5°C. C) Distribution of sizes of 
arrested larvae in mutants' populations, at 25. 5°C. Distribution of wild-type animais 
(wt) has been established using N2 Ll larvae synchronized by starvation after 
hypochlorite treatment. D) Distribution of ratio between the head and tail width of 
arrested larvae in mutant populations. The box-plot represents the min, max, 25 111 , 501h 
(median) and 75 111 percentiles of the population. Student' s T-test p-values are 
indicated 
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MH27 PIX-1::GFP Merge 
Figure 2.4 : PIX-1 is homogeneously distributed in the cytoplasm and at the cell 
periphery of hypodermal cells. 
A-1) Immunostaining of pix-J(gk416); sajExl[pix-lp: .pix-J::gfp] expressmg 
embryos with MH27 antibodies (A, D, G and red in merge panel C, F, 1) and anti-
GFP antibodies (B, E, H and green in merge panel C, F, 1). Lower panel of each view 
correspond to orthogonal views of embryos Z-sectioning. Position of Z-sectioning is 
indicated in upper panel by a yellow line in dorsal (A-C) and lateral (D-F) and ventral 
(G-1) hypodennis. In orthogonal views, arrows point to adherens junctions which 
parti ally colocalize with PIX-1: :GFP immunostaining. Arrowheads show the decrease 
in PIX::GFP expression every other cell in the dorsal-posterior hypodermis (at 
comma stage) in picture B (upper panel); Arrow-head indicates dorsal trans-epithelial 
attachment structures (TEA) in picture E (upper panel). Scale bars: 10 j..lm. 
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Figure 2.5 : PIX-l::GFP is differentially expressed in hypodermal cells during 
elongation. 
A) Confocallateral projections ofpix-1 (gk416); sajEx1[pix-1p::pix-1 ::GFP] ; mcls40 
[lin-26p::ABDvab-1 0::mcherry + myo-2p::gfp] embryos. Dorsal-anterior (DA, upper 
panel), dorsal-posterior (DP, upper panel), ventral-anterior (VA, upper panel), 
ventral-posterior (VP, upper panel) , lateral-anterior (LA, lower panel) and lateral-
posterior (LP, lower panel) hypodermis are surrounded by dashed line and have been 
identified using lin-26p::vab-10(ABD)::MCHERRY hypodermal markers. B) 
Distributions of the dorsal-posterior/dorsal-anterior (DP/DA), lateral-posterior/lateral-
anterior (LP/LA), ventral-posterior/ventral-anterior (VPN A), dorsal-posterior/ventral 
(DPN); dorsal-anterior/ventral (DA/V), dorsal-anterior/lateral (DA/L) rates of 
fluorescence intensity measmed in pix-1 (gk416) ; sa}Ex1 [pix-1p: :pix-1 ::GFP; rol-6]; 
mcls40 [lin-26p::ABDvab-10: :mcherry + myo-2p::gfp] embryos between comma 
and 1.75-fold stages (n = 26 embryos). Similar results were also obtained in pix-
1(gk416); sajls1[pix-1p::pix-1::GFP; unc-119R]; mcls40 [lin-26p::ABDvab-
JO::mcheny + myo-2p::gfp]. The box-plots represent the min, max, 25t11 , 50t11 
105 
(median) and 75th percentiles of the populations. ** T-test comparing ratios to 1 p < 
0.01. C) Schematic representation ofpix-l: :GFP and ABDvAB-IO (control) consh11cts 
used to measure the DP/DA intensity ratio reported in panel D. DP/DA of animais 
carrying mcls40 (lin-26p::ABD::mCh expressing), mcls50 (lin-26p::ABD::GFP 
expressing), sajls2 (lin-26p::pix-l::GFP expressing) or sajExl (pix-lp::pix-l::GFP 
expressing). ratios** T-test comparing DP/DA ratios measured on pix-l::GFP 
expressing embryos to ratio measured in ABDvAB-IO expressing transgenics, p <0.01. 
The box-plots represent the min, max, 25 111 , 50th (median) and 751h percentiles of 
populations. 
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Figure 2.6 : High expression of PIX-l ::GFP in dorsal posterior hypodermis is 
detrimental fo r elongation rate of embryos. 
A) Confocal projections ofpix-1(gk416); sajEx1[pix-1p:.pix-1::GFP, rol-6] at t = 0 
min and t = 14 min. The DP/DA fluorescence intensity ratio and elongation rate (in 
!lm/min) are indicated. Anows indicate the dorsal-posterior hypodennis. Scale bar: 
10 !lm. B) Distribution of elongation rate in !lrnlmin ofwild-type (wt),pix-1(gk416) , 
and pix-1 (gk.416) animais canying sajEx1 [pix- 1p:.pix-1 ::GFP, rol-6] or sajls2[lin-
26p::pix-1::GFP, unc-119RJ during early elongation. Elongation rate was measured 
from 4-dimensional recording of embryonic development between comma and the 
end of early elongation upon DIC illumination. Box-plots represent the min, max, 
25t11 , 50th (median) and 75th percentile of the populations. ** T-test p <0.01 vs wt. C) 
Scatter plot representing the relationship between the dorsal-posterior/dorsal-anterior 
(DP/DA) intensity ratio of PIX-1::GFP and the elongation rate in !lm/min during 
early elongation ofpix-1 (gk416) embryos carrying sajEx1 [pix-1p::pix-1: :GFP, rol-6] 
or sajls2[lin-26p::pix-1::GFP, unc-119R] (n=20 for each line). The spearman 
correlation (R2) between the elongation rate and the DP/DA ratio are indicated, as 
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well as the p-values rejecting the null hypothesis being that the two values are not 
significantly correlated. Similar results were obtained for pix-1 (gk416) animais 
carrying sajlsl and sajls3 (see methods) . D) DP/DA, lateral-posterior/lateral-anterior 
(LP/LA), ventral-posterior/ventral-anterior (VPN A), dorsal-posterior/ventral (DP/V), 
dorsal-anterior/ventral (DAN) and dorsal-anterior/lateral (DA/L) fluorescence 
intensity ratio measured for pix-l(gk416); sajExl[pix-lp::pix-J::GFP, rol-6} 
embryos elongating at a wt-rate (elongation ~ 288mn/min) or elongating slower 
(elongation < 288mn/min) during early elongation. Bar correspond to the mean and 
error bars to the standard deviation. ** T-test p-value <0.01. E) PIX-l::GFP 
fluorescence intensity (AU) was measured in DA and DP hypodennal cells of 
embryos elongating at a wt-rate (elongation ~ 288mn/min) or elongating slower 
(elongation < 288nm/min) during early elongation (see methods). ** T-test p-value 
<0.01. 
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Figure 2.7 : Model for signaling pathways controlling embryonic elongation. 
A) Schematic representation of an embryo during early elongation. Anterior is at the 
left and dorsal side on the top. Dorsal (white), lateral (orange) and ventral (yellow) 
hypodermal cells are represented. The blue plan indicates the location of the 
transversal sectioning of the hypodermal cells represented in panel B. B) Signaling 
pathways in the dorsal (white), lateral (orange) and ventral (yellow) hypodermis in 
the anterior part of the embryo during early elongation. In this madel PIX-1 is 
expressed at similar level in all hypodermal cells of the anterior part of the embryo. 
While homogenous expression of PIX-1: :GFP in these cells rescues elongation 
defects ofpix-l(gk416), we cannat exclude the possibility thatpix-1 may be required 
only in a subset of these cells. In PIX-1-expressing cells, PAK-1 is activated in a 
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GTPase-dependant (through activation of CED-10 by PIX-1 and/or UNC-73) or in a 
GTPase-independent marmer (by PIX-1 directly). LET-502 is activated only in seam 
cells through activation of RH0-1 by RHGF-2 . PIX-1 may also activate MRCK-1 
through CDC-42 upstream of MEL-11. Following this model, the contraction 
pressure applied on the actin cytoskeleton is similar in ventral and dorsal hypodennis 
and higher in seams cells. Arrows represent relative contraction forces within each 
cell. 
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Supplementary Figure 2.1 
elegans (Ce) PIX and PAKs. 
Schematic representation of human (Hs) and C. 
Modular structure has been identified using the SMART tool (www.smart.org) or by 
alignment of consensus sequence using CLUSTALW. Binding-domains for protein 
partners reported in the literature are indicated. Proteins coded by C. elegans mutant 
alleles are indicated. * indicate the location of translation arrest. CH: calponin 
homology domain; SH3: src homology domain; DH: dbl homology domain; PH: 
Pleckstrin homology domain; PR: Proline Rich sequence, GBD: GIT -binding 
domain, CC: coil-coi led domain, ZB: PDZ binding domain, PBD: GTPase binding 
domain; Ser/Thr kinase: serine threonine kinase domain. 
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Supplementary Figure 2.2 : pix-l(ok982) and pak-l(ok448) arrested larvae 
present severe pharynx pumping defects. 
48 hours after egg-laying, pharynx pumping rates were counted on arrested L1 
animals and escaper L3 animals moving freely on a bacterial lawn. At least 10 
animals per genotype were examined during 15-sec periods. N=3. ** T-test p 
(mutant/N2) <0.001. 
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Supplementary Figure 2.3 : Establishment of embryo width measurement as a 
robust metrics to characterize embryonic elongation. 
A) We tested the robustness and reproducibility of head width measurement of 
embryos. To do so, head width was measured five times on a given population of wt 
embryos at 1.2-fold stage (n=l2 embryos). Means and standard deviation were 
calculated and Brown-Forsytbe test (using R statistical package) was used to test for 
homogeneity of variances among the five different groups of measurement. This test 
revealed no significant variance difference amongst the measurements (F-test p-value 
> 0.5). B) The repeatability and batch effect of our measurements were assessed 
through measurement of the head width of wt embryos at 1.2-fold stage from 4D-
recording done at three different days (n=l2 embryos). Means and standard deviation 
were calculated and Brown-Forsythe test was used to test for homogeneity of 
variances among the tbree different groups of measurements. This test revealed no 
significant variance difference amongst the measurements (F-test p-value > 0.5). 
Similar results were obtained for tail width measurements and for measurement done 
at different stages of early elongation (data not shown).These data indicate that the 
significant differences observed between genotypes using head-width, tail-width and 
head/tai! width ratio measurements are not due to measurement variability and batch 
effect. 
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VAB-10A80 ::mCherry PIX-1::GFP MERGE 
Supplementary Figure 2.4 : PIX-1 is homogeneously distributed in the 
cytoplasm and at the cell periphery of hypodermal cells during early elongation. 
Confocal microscopy analysis of pix-1 (gk41 6) embryos carrying sajExl [pix-lp::pix-
l ::gfp; rol-6}; mcls40[lin-26p::ABDvab-IO::mCherry + myo-2p::gfp]. PIX-l ::GFP 
is observed in B andE (green in C, F) and VAB-JOAso:.ïnCherry in A and D (red in 
C, F). Embryos are oriented anterior to the left and dorsal up. Enlarged views (lower 
panels) show areas indicated by white rectangles in upper panels. Apical and 
basolateral membrane are indicated by arrow and arrowhead, respectively (L , lower 
panel). Scale bars upper panels: 10 ).un; lower panels 5 )..lill . 
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Supplementary Figure 2.5 : PIX-l::GFP intensity ratio are constant throughout 
early elongation. 
Dorsal-posterior/dorsal-anterior (DP/DA), lateral-posterior/lateral-anterior (LP/LA), 
ventral-posterior/ventral-anterior (VP/V A), dorsal-posterior/ventral (DPN), dorsal-
anterior/ventral (DA/V) and dorsal-anterior/lateral (DA/L) fluorescence intensity ratio 
were measured as detailed in methods and in Figure 5 in pix-1 (gk416); unc-11 9; 
sajls2[lin-26p:.pix- l ::GFP,unc-11 9R] embryos during early elongation. Bar 
COITespond to the mean and error bars to the standard deviation. * T-test < 0.05. 
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Supplementary Figure 2.6 : Only DP/DA ratio inversely correlates with the 
elongation rate ofthe embryos during early elongation. 
Scatter plot representing the relationship between the lateral-posterior/lateral-anterior 
(LP/LA), ventral-posterior/ventral-anterior (VP/V A), dorsal-posterior/dorsal-anterior 
(DP/DA) and dorsal-anterior/ventral (DAN) intensity ratio of PIX-l::GFP and the 
elongation rate in !J.rnlmin during earl y elongation of pix-1 (gk41 6); sajExl [pix-
Jp::pix-J::GFP, rol-6] embryos (n=20). The spearman correlation (R2) between the 
elongation rate and the PIX-l: :GFP intensity ratio are indicated, as well as the p-
values rejecting the null hypothesis being that the two values are not significantly 
correlated. Similar results were obtained from two independent transgenic lines. 
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Supplementary Figure 2.7 : High expression of PIX-l::GFP in dorsal-posterior 
hypodermis is detrimental for elongation rate of embryos. 
Dorsal-posteriori dorsal-anterior (DP ID A), lateral/ventral (LN), dorsal-anterior/lateral 
(DA/L) and dorsal-posterior/lateral (DP/L) fluorescence intensity ratio were 
measured as detailed in methods and in Figure 5 in pix-1 (gk416); unc-119; sajls 2 [lin-
26p::pix-1::GFP;unc-119R] embryos elongating at a wt-rate (elongation ~ 
288mn/min) or elongating slower (elongation < 288mn/min) during early elongation. 
Bar correspond to the mean and error bars to the standard deviation. ** T-test p-value 
<0.01. 
CHAPITRE III 
DÉVELOPPEMENT DE NOUVEAUX PARAMÈTRES POUR CARACTÉRISER 
L'ÉLONGATION EMBRYONNAIRE DU NÉMA TODE CAENORHABDITIS 
ELEGANS 
Le travail de ce chapitre a été publié, en mars 2016, dans The Journal of Visualized 
Experiments (loVE) (109), e53712. (Voir la version publiée en Annexe B). 
Dans le chapitre II nous avons développé des méthodes permettant une analyse 
morphologique précise des embryons en élongation précoce. Pour cela, nous avons 
mis au point la mesure du ratio tête/queue, de la longueur des embryons à la fin de 
l'élongation précoce, et de la longueur des larves arrêtées au stade Ll. Le présent 
chapitre est un article de méthode décrivant étape par étape, depuis l' acquisition 
jusqu'à l'analyse des résultats, la marche à suivre effectuer ces différentes mesures . 
Contribution des auteurs : 
Emmanuel Martin : conception, design, acquisitions, analyse et interprétation des 
résultats, rédaction du manuscrit, montage des figures et révision de l'article ; 
expériences : (protocole 1 et 2) mesure longueur des embryons, ratio tête/queue, 
mesure des larves (Figures 1, 2, 4, SA). Vidéo : Introduction, captures d'écran 
protocoles 1 et 2. Olivier Roche/eau-Leclair : conception, design, acquisitions, 
analyse; expériences : (protocole 3) mesure des larves en utilisant le COPAS (Figure 
3). Vidéo : expérience protocole 3, conclusion. Sarah ]enna : conception, design, 
analyse et interprétation des résultats, rédaction du manuscrit, montage des figures et 
révision de l'article ; expériences : (protocole 3) mesure des larves en utilisant Je 
COPAS et analyses (Figures 3, 5). Vidéo: captures d'écran protocole 3. 
NOTE : Les références de l'article sont incluses dans la bibliographie générale. 
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3.1 Résumé 
La dissection des voies de signalisation contrôlant les processus morphogéniques 
durant le développement embryonnaire nécessite des méthodes de mesure fiables et 
sensibles. L'élongation embryonnaire du nématode Caenorhabditis elegans est un 
stade développemental tardif qui consiste en une élongation de 1 'embryon dans son 
axe longitudinal. Cette étape est contrôlée par la communication intercellulaire entre 
les cellules de l'hypoderme et les muscles sous-jacents et dépend d'une signalisation 
qui conh·ôle la morphologie des cellules de l'hypodem1e via le remodelage du 
cytosquelette et des jonctions cellulaires. La mesure de la létalité embryonnaire et de 
1' anêt développemental au stade larvaire 1, tout comme 1' altération du cytosquelette 
et des structures d'adhésion cellule-cellule dans l'hypodenne et les muscles sont des 
phénotypes classiques utilisés depuis plus de 25 ans pour disséquer les voies de 
signalisation. Cependant les études récentes ont requis de nouveaux paramètres de 
mesure pour cibler spécifiquement l'élongation précoce ou l'élongation tardive et 
également caractériser les défauts morphogéniques le long de l'axe antéropostérieur 
de l'embryon. Dans cet article, nous détaillons un protocole pennettant la mesure 
précise de la longueur et de la largeur des embryons en élongation, ainsi que la 
longueur de larves synchronisées. Ces méthodes sont des outils utiles pour identifier 
des gènes conh·ôlant 1' élongation, pour tester si ces gènes conh·ôlent 1' élongation 
précoce ou tardive, et s'ils sont requis uniformément le long de l'axe antéropostérieur 
de l'embryon. 
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3.2 Abstract 
Dissecting the signaling pathways that control the alteration of morphogenie 
processes during embryonic development requires robust and sensitive metrics. 
Embryonic elongation of the nematode Caenorhabditis elegans is a late 
developmental stage consisting of the elongation of the embryo along its longitudinal 
axis. This developmental stage is controlled by intercellular communication between 
hypodem1al cells and underlying body-wall muscles. These signaling mechanisms 
control the morphology of hypodermal cells by remodeling the cytoskeleton and the 
cell-cell junctions. Measurement of embryonic lethality and developmental arrest at 
larval stages as well as alteration of cytoskeleton and cell-cell adhesion structures in 
hypodennal and muscle cells are classical phenotypes that have been used for more 
than 25 years to dissect these signaling patbways. Recent studies required the 
development of novel metrics specifically tat·geting either earl y or la te elongation and 
characterizing morphogenie defects along the antero-posterior axis of the embryo. 
Here, we provide detailed protocols enabling the accurate measurement of the length 
and the widtb of the elongating embryos as well as the length of synchronized larvae. 
Tbese methods constitute useful tools to identify genes controlling elongation, to 
assess whetber tbese genes control both early and late phases of this stage and are 
required evenly along the antero-posterior axis of the embryo. 
Keywords: morphogenesis, Caeanorhabditis elegans, elongation, 4-D m1croscopy, 
flow cytometry 
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3.3 Introduction 
For nearly 50 years the nematode Caenorhabditis elegans established itself as a 
powerful madel to study important questions in development, neurobiology, 
evolution, host-pathogen interactions etc. (Corsi et al. , 20 15) The strength of this 
madel in the study of development lies in: its short life cycle of 3 da ys ; the ease with 
which these animais can be genetically altered; its transparency that enables the 
observation of cell displacement and morphology in living animais and its 
development that is mostly extra-uterine. The developmental stages of the nematode 
involve embryogenesis and four larval stages (L1 to L4), followed by adulthood. 
During embryonic development, epidem1al morphogenesis drew considerable 
attention for its ability to enable a better understanding of how epithelial cells mjgrate 
as a group, how they reorganize their junctions and modify theil· individual 
morphology as well as their relative positioning within a functional epithelium. 
Epidermal morphogenesis is divided into four stages: dorsal intercalation consisting 
in the reorganisation of dorsal epidermal cells, referred to as the hypodermis; ventral 
enclosure, consisting in migration of ventral hypodennal cells towards the ventral 
midline thus encasing the embryo in an epithelial cell monolayer; early and late 
elongation transforming the bean-shaped embryo into vermiform larvae. Following 
morphogenesis, embryos hatch and L1 larvae start feeding using available bacteria in 
theil· immediate environment. 
Embryonic elongation is therefore a late phase of embryonic development. It consists 
of the extension of the embryo along its longitudinal axis and a reduction of its 
transverse diameter. This involves a dramatic modification of the shape of the 
hypodetmal cells. Elongation is divided into an early and a late phase. The early 
phase statis at the comma stage and ends when body-wall muscles stati contracting at 
1.75-fold stage in wild-type (wt) embryos- corresponding to embryos that are 1.75-
fold in length compared to non-elongated embryos. Morphogenie processes occurring 
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at that stage are mainly driven by contraction of filamentous actin bundles (FBs) 
located at the apical pole of hypodermal cells that drive their elongation along the 
antero-posterior axis of the embryo (Priess et Hirsh, 1986). Contraction of FBs is 
control by phosphorylation of myosin-light chains by three kinases LET -502/ROCK, 
MRCK-1 and PAK-1 5. The late phase of the elongation, starts when body-wall 
muscles become functional and stmt contracting. It involves mechanotransduction 
signaling from the body-wall muscles to the dorsal and ventral hypodennal cells and 
ends wh en animais ha teh (Zhang et al., 2011 ). 
Elongation defects are generally characterized by the percentage of animais dying as 
embryos (Embryonic lethality; Emb) and tho se anesting the ir development as L1 
larvae (Larval arrest phenotype; Lva) and being significantly shmter than wt. 
Identification of the stage of developmental arrest requires microscopie observation 
of dead embryos and arrested Larvae (Piekny et al., 2000 ; Diogon et al., 2007 ; Gall y 
et al. , 2009 ; Zhang et al., 2011). 
It was recently shown that severa! genes, such as the Cdc42/Rac regulators and 
effectors pix-1 and pak-1, control morphogenie processes during both early and late 
elongation (Zhang et al. , 2011 ; Martin et al. , 2014). We also recently showed that 
morphogenie processes differ along the antero-posterior axis of the embryos during 
early elongation (Zhang et al. , 2011 ; Martin et al. , 2014). These fmdings motivated 
the development of novel metrics specifically targeting earl y or la te elongation stages 
and other metrics enabling the characterization of the morphology of embryos along 
their antero-posterior axis during early elongation. 
These novel methods consist in measuring the length of embryos at the beginning and 
at the end of early elongation as well as the width of their heads and tails.(Martin et 
al. , 2014) Two protocols were also developed to measure the length ofnewly hatched 
larvae, synclu·onized at Ll stage (Martin et al. , 2014). 
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The eggshells of the embryos protect them against alkaline hypochlorite treatment 
while larvae, adults and bacteria present in the culture media are dissolved by the 
treatment. This treat:ment is then used to purify embryos from a non-synchronized 
population containing a majority ofwell-fed adults (Sulston et Hodgkin, 1988). Food 
restriction is used to synchronize newly hatched larvae. Measuring the length of these 
larvae is then used to detect elongation defects. This measurement is preferred over 
the measurement of anested larvae on culture plates because larvae that hatch from 
non-fully elongated embryos can recover to "nonnal length" when feeding but will 
main tain their reduced size wh en anested in the absence of food. 
Here, we present detailed protocols enabling the measurement of the length of 
elongating embryos as weil as the width of their head and tail using time-lapse DIC 
microscopy and image analysis (Protocol 1). We also provide detailed protocols to 
measure the length of synchronized larvae using image analysis (Protocol 2) and 
Flow-Cytometry (Protocol 3). 
3.4 Protocol 
3.4.1 Characterization of early elongation defects in wt and mutant animais 
A . Mounting embryos for Nom1arski DIC microscopy 
A.a . Prepare the following culture media and material: 
A.a.a. M9 Buffer, dissolve 12.8 g/L NazHP04•7HzO, 3 g/L KHzP04, 5 g/L NaCl, 
0.25 g/L MgS04•7H20 in distilled water and Autoclave to sterilize 
A .a.b. NGM plates, dissolve 3 g/L NaCl, 16 g/L agar, 2.5 g/L bactopeptone in 
ddH20. Autoclave and add 1 mMMgS04, 1 rnMCaClz, 1 mM phosphate buffer and 5 
~g/mL cholesterol. Pour 6ml ofNGM per 60 mm dishes. Allow the medium to solify 
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for 24h at room temperature. Add a few drops of a saturated culture of E. coli OPSO 
bacteria grown in Luria broth (LB). Let the bacteria grow for 48h and store the plates 
at 4°C. 
A.a.c. To genera te the worm pick, mount a 0.01 " diameter platinum wire on a short 
Pasteur pipette. Fasten the platinum wire to the extremity of the glass pipet by heating 
this extremity with a benzene bumer. Flatten the extremity of the wire to generate a 
sort of shovel. 
A.b. Grow the wom1 strain on 60 mm NGM plates with OP50 at 20°C. 
NOTE: Thermosensitive alleles may require growing the animais at non-pe1missive 
temperatures at up to 25.5°C. Plates should contain many young adults and still 
plenty of food in orcier to pursue the protocols. 
A.c. Place a microscope slide between two spacer slides covered by two layers of 
masking tape (Figure lA). 
A.d . Prepare a 3% agarose solution (weight/vo lume) in M9 buffer by dissolving 
0.6 g of agarose powder in 20 ml M9 buffer by heating in the microwave during 30 
sec. Allow the solution to cool clown for 5 min. 
NOTE: The agarose solution can be used for a few days after melting in a microwave. 
It can also be aliquoted and stored at 4°C for weeks. 
A .e. Place a drop ofhot 3% agarose solution on the glass slide located between the 
two spacer-slides. A void fonning bubbles. 
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A.f. Rapidly cover the agarose with another slide as shown in Figure lB and press 
down gently. The top slide will flatten the agarose drop and generate a pad with the 
thickness of two layers of masking tape. 
A.g. Allow the agarose to solidify for at !east 1 min at room temperatme or until 
the embryos are ready to be transfeiTed to the pad. 
A.h. Using a worm pick, transfer 20 to 30 well fed young adults from the NGM-
plate into a micro-centrifuge tube containing 400 ~-tl ofM9 buffer. 
A.i . Allow the worms to sediment by gravity for approximately 5 min and remove 
the supematant using a micropipette. This step aims to remove the maximum of 
bacteria picked with the nematodes. 
A.j . Add 200 ~-tl ofM9 buffer to each tube. 
A.k. Using a Pasteur pipette, transfer the content of the tube (buffer and 
nematodes) to a watch glass. 
A.l. Use one or two 25G 5/8" needles to eut the animais at the mid-body section 
(between the spennatheca and the vulva). 
NOTE: A scalpel blade can also be used as an alternative to needle(s) . Do this on 
swimming nematodes and may require some practice. The idea is to use needles as 
scissors or as a knife depending how many needles are used. Once the animais are eut 
open, hermaphrodites release their embryos into the buffer 
A. m. Concentrate embryos at the center of the watch glass through generation of a 
circular vortex within the liquid. 
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A.n. Remove most of the M9 from the watch glass using a micropipette. Leave 
approximately 30 J..Ll ofM9 with the embryos. 
A .o. Remove the slide covering the agarose pad (Figure lB) by sliding it off the 
pad. 
A.p. Cut the pad with a razor blade in order to be able to completely cover it with a 
coverslip (Figure 1 C). 
A.q. Using a Pasteur pipette, transfer all the embryos (and worm debris) onto the 
agarose pad. 
A.r. Group the embryos at the center of the pad using an eyelash glued at the 
extremity of a tip used for 200 J..Ll micropipettes. 
A.s. Slowly place a coverslip on the pad avoiding bubble formation and seal it. 
NOTE: Several sealers can be used. We use drawing gum found in art and craft stores 
(usually used as masking gum for aquarelle painting). This gum is used because it is 
hydrophilic and solidifies reasonably fast and is not toxic for the wonns. Slides can 
also be sealed with nail polish or VALAP (mixture made of Vaseline, Lanolin and 
Pm·afin wax). 
A.t. Allow the drawing gum dry for approximately 15 min. 
B. Recording early elongation usmg four-dimensional Normarski DIC 
rmcroscopy 
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NOTE: The objective of this step is to record early elongation from comma to the 
beginning of late elongation - defined as the moment when the body-wall muscles 
start contracting. We also aim to record more than one embryo at the time. Eight 
hours of recording are usually required to record earl y elongation for a group of non-
synchronized embryos. 
B.a. Place the mounted-slide on the stage of a m1croscope. Ensure that the 
microscope is equipped with lOX and 60X objectives as well as DIC lenses, prism, 
camera and capture software enabling time-lapse microscopy and generation of Z-
stacks (automated Z-platforrn). 
NOTE: ensure that the temperature is constant between 20 and 23 oc in the 
microscopy room. A heating-cooling chamber may be required on the microscope 
stage, especially when using thermosensitive mutants. 
B.b. Identify a group of embryos at pre-morphogenesis stages usmg the 1 OX 
objective. 
B.c. Once located, slide off the 1 OX objective and add a drop of oil immersion on 
the slide. 
B .d. Using the 60X objective, identify the top and the bottom of embryos to setup 
the Z-stack imaging parameters. 
NOTE: Do not hesita te to set the Z-stack larger than the thickness of the embryos. Set 
the distance between two adjacent planes as 0.8 IJ-111. This will enable to cover the 
total depth of the embryos in 35 to 50 Z-plans. 
NOTE: If the microscope contains an automated xy platfonn, embryos located at 
different locations of the pad could be recorded simultaneously. To do so, record xy 
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coordinates of each location on the pad you wish to analyze during the course of the 
experiment. Make sure to select the xy when setting the recording parameter and 
follow the rest of the protocol as indicated. Thin Z-sectioning of the embryo during 
recording is not necessarily required for the measurements detailed in this protocol. 
Recording embryonic development of wt and mutant animais with the maximum 
resolution is however a good practice in order to build a library of recordings able to 
support additional analyses. 
B.e. Set up the time-lapse with 2 minute intervals between two acquisitions lasting 
8 hours. 
NOTE: The exposure time will depend on the light intensity set for the microscope. 
Cell movement during early elongation is very slow; exposure-time could be 
approxin1ately one frame per second or less. If the embryos are at early 
morphogenesis stages (dorsal intercalation, ventral enclosure), earl y elongation would 
be recorded within 1 hour. Make sure light shutter is closed between each acquisition. 
B.f. Run the acquisition and save it. 
C. Measurement of early elongation defects using image analysis 
C.a. Open Fiji-ImageJ software (v l .48o - http://fiji . c/Fiji). Open the acquisition 
file using the menu File/Open. Choose the "Hyperstack" viewing mode and press 
OK. In the Lookup tables, adjust the brightness and contrast (BIC) using the Auto 
mode and press Apply. 
C.b. In the menu select Analyze/Set Measurements, select Perimeter. For each 
embryo, adjust the Z-scale bar to focus on the pharynx of the embryo as shown in 
Figure 2 A. This will ensure that you focus on the center of the embryo. 
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C.e. To measure the length of the embryo, adjust the time scale bar to have the 
embryo of interest at the start of the earl y elongation (comma stage; Figure 2A). Note 
the time ("Time-begÏlming"). 
C.d. Choose the segmented line tool. Draw a segmented line from the tip of the 
mouth of the embryo up to the tip of its tail following the midline of the embryo 
(Figure 2A). Using the menu tab Analyze/Measure, obtain the length of the drawn 
line ("Length beginning") . 
C.e. Repeat this measurement for the same embryo at the end of early elongation 
(moment when muscles start contracting). Note the time ("Time-end") and measure 
the length of the embryo ("Length-end") as detailed above (Figure 2B). 
C.f. The duration (D) of early elongation and the length increase (L) during this 
stage are calculated as followed: 
D = "Time-end"-"Time-beginning" 
L = "Length-end" -"Length-begüming" 
C.g. To measure the head width, adjust the time scale bar to have an embryo at the 
stage of interest (1.2-fold stage or end of early elongation). Choose the straight-line 
tool. Draw the transversal (dorsa-ventral axis) midline of the head. This section is the 
thickest part of the embryo (Figure 2C). Using the menu Analyze/Measure, obtain the 
length of the line corresponding to the head width. 
C. h. At the same time point, repeat this step by drawing the transversal midline of 
the tail (Mid-line between the intestinal valve and the tip of the tail ; Figure 2C) and 
measure it to obtain the tail width. 
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NOTE: Use this measurement to compare embryos at the same stage across different 
phenotypes. To ensure the reproducibility of this measurement, make sure to find a 
location located around the mid-line of the tail of the animal that can easily be 
recognized from one animal to another. 
C.i. To calculate the head to tail width ratio, divide the head width by the tail 
width. 
3.4.2 Characterization oflate elongation defects using image analysis. 
A. Synchronization ofLllarvae using alkaline hypochlorite treatment 
A.a. From a non-starved 60 mm plate containing many gravid adults, collect all 
wom1s in a micro-centrifuge tube by washing the nematodes off the plate with 1 ml 
ofM9 buffer using a Pasteur pipette 
A.b . Sediment nematodes at 3500 x g for 3 min at room-temperature and remove 
the supematant using a micropipette without disturbing the wonn pellet. 
A.c. Add 1 ml of hypochlorite solution to each tube (0.4 M hypochlorite, 0.5 M 
NaOH) and shake for 3 min. 
NOTE: Alkaline hypochlorite solution should be freshly prepared and embryos in this 
solution should be agitated gently but continuously to optimize dissolution of the 
adults and oxygenation of the embryos. After 3 min agitation, most adults should 
release their eggs into the solution. 
A.d . Spin at 3500 x g for 3 mm at room-temperature and quickly remove the 
supernatant using a micropipette without disturbing the pellet. 
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A.e. Wash four times with 1 ml of M9 buffer followed by centrifugation at 3500 x 
g for 3 min. 
A.f. After the fourth wash, remove the supematant and resuspend eggs in 700 J.!l of 
M9 buffer without pipetting up the eggs (as the eggs would stick to the plastic of the 
tip). 
A .g. Tape the tube on a 3-mm orbital shaker placed in an incubator at the 
appropriate growth temperature and shake at 600 rpm ovemight. 
B. Length measurement of synchronized larvae 
B.a. Centrifuge anested L1 larvae at 3500 x g for 3 min at room-temperature and 
rem ove the supematant. Resuspend the larvae in 100 J..Ll of M9 buffer and trans fer 
them onto an agarose pad using a Pasteur pipette (agarose pads should be prepared as 
described at section 1.1.2 to 1.1.8) 
Place a coverslip on the pad. 
NOTE: The pad does not need to be sealed with gum for this experiment that 
involves short acquisition. 
B.b. Use a 10X objective and phase contrast illumination to measure the length of 
the larvae if a high resolution camera is used. Increase the intensity of the light to be 
able to capture images within a few milliseconds and consequently obtain a clear 
picture of the larvae (Figure 2D). 
NOTE: While the swimming trashes of larvae are reduced by the agarose pad, they 
are still moving. Therefore, fast recording is essential to obtain a clear image. 
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B.c. Open Fiji-ImageJ and repeat step 1.3.1. To measure the length of larvae, 
choose the segmented line tool. Draw a segmented line from the tip of the head up to 
the tip of the tail following the midline of the larvae (Figure 2D, right panel). 
B.d. Using the menu Analyze/Measure, obtain the length of the drawn line 
cotTesponding to the length of the larvae in micrometer. 
3 .4.3 Characterization of la te elongation defects using Flow-cytometry 
A. Synchronize Larvae. 
A.a. Purify embryos using the alkaline hypochlorite treatment as described in 
section 2.1 from full 100 mm plates of well-fed young adults and let the embryo 
hatch and the Ll arrest in M9 buffer for 16 to 24 hours at 20 or 25.5°C depending on 
the strain analyzed. 
NOTE: One full plate of well-+ fed adults per strain ts sufficient for the analysis 
described below. 
B. Calibration of the worm sorter 
NOTE: The flow cytometer used here is a large particle flow cytometer (hereafter 
referred to as the worm sorter). The worm sorter includes a 670 nm red diode laser, 
which is located in front of an extinction detector. The wonn sorter also contains a 
multi-line argon laser for fluorescent excitation. The standard instruments have three 
photomultiplier tubes (PMT) fluorescence detectors used to detect fluorescence 
emissions in the green, yellow, and red regions of the spectrum. In the protocol 
described here, TOF will be used to measure the size of the larvae, the red channel 
will be used to identify dead worms tbat will be stained with Propidium Iodide (PI) . 
GP (General Purpose) High Fluorescence Control Particles used to calibrate the 
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instrument and as an internai control in our experiment display high fluorescence in 
green, yellow and red. They will be the only objects in the sample analysed with high 
emission detected in the green channel and will subsequently be identified based on 
this characteristic. 
NOTE: Living animais are identified based on the absence of fluorescence in the 
Green and Red channel as well as on the TOF. Autofluorescent emission from the gut 
of the larvae is not detectable at L1 stage. 
B .a. Switch on the laser block, the computer, the compresser and the wonn sorter 
instrument. Press the START button on the opened wonn s011er software as indicated 
in the instruction manual of the instrument. 
B.b. Observe the argon laser control pop-up window. Select RUN mode and wait 
as the laser powers reach 10 ± 1 mW. Select DONE on the laser control window. 
B.c. The flow rate depends on the sheath and the sample pressmes. Set it to 5.10 ± 
0.02 and 5.51 ± 0.01 respectively. Allow the pressure to equilibrate for at !east 15 min 
and click the PRESSURE OK check box. 
B.d. Make sure to eliminate ail bubbles present in the flow cham1el tubules 
between the sample eup and the analysing chamber. To do so, click ACQUIRE and 
gently flick the tubule until no bubble is anymore acquired (as seen in the acquisition 
window). 
B.e. Setup of all parameters for fluorescent and TOF measurement and detection as 
follows: 
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B.e.a. Scales for TOF, Ext, Green, Yellow and Red should be set to 256 . Gain 
should be set as described in Table 1. PMT Control should be set at 700 for Green 
and Yellow and to 900 for Red 
NOTE: Two excitation filters are available (488 nm and 514 run) and can be used to 
excite either Green fluorescent protein (GFP) or Yellow fluorescent protein (YFP) or 
any fluorochromes excited at these wavelengths with the multiline argon laser. 
Appropriate filters need to be inserted in the filter chamber of the equipment. We 
used the 488 nm filter for the following experiment. 
B.f. To calibrate the worm sorter, select "run control particles" in tool menu. Put 
20 ml of lX GP (General Purpose) High Fluorescence ContTOl Particles in the eup 
(these particles are fluorescent particles of precise size, sold by the cytometry 
manufacturer to calibrate their instrument). 
B.g. Click on ACQUIRE button to begin sheath and sample flow. 
NOTE: Expect a mean related to the control particle distribution of 21 ± 6 and a 
coefficient of variation around that mean (C.V.) :S ll. If the C.V. is > 11 and the mean 
is > 27 try to clean the tubules by clicking severa! times on the clean button or by 
flicking the flow channel. 
C. Acquisition of animal TOF 
NOTE: Light scatters when an abject passes in the flow cell between the laser somce 
and the extinction detector. The time it takes for the light to be scattered by the flying 
object (time of flight, TOF) is used to measme the axial length of the object. The 
extent of light masked by the object (extinction, EXT) is used as a measme of its 
opacity/optical density. 
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C.a. Place 10 f.ll of synchronized wild-type (wt) L1 in a watch glass and estimate 
the percentage of dead-eggs using a dissecting microscope. 
NOTE: Synchronized L1 displaying high Emb (higher than 20%) in wt should not be 
used for further analysis . 
C.b. Transfer synchronized L1 from the microcentrifuge (approximately 700 f.ll of 
M9 containing L1) to a 15 ml conical tube. Add propidium iodide (PI) at a fmal 
concentration of 1 OJ..Lg/ml ( dilution 111 OOth from a 1 mg/ml stock solution) and 
incubate for 30 min at room temperature. 
NOTE: Dead eggs and larvae will be stained usmg PI and detected as highly 
fluorescent abjects using the red channel. 
C.e. Add 10 ml of M9 buffer to dilute stained populations . Take 5 ml of the 
diluted populations and dilute them four times by adding 15 ml of M9. Place this 
dilution in the sample eup 
C.d. Run the sample flow by clicking ACQUIRE and observe the flow rate. 
NOTE: In arder to have accurate measurement, the flow rate should stay between 15 
and 25 abjects/sec. 
C.e. If necessary, ad just the amount of animais in the eup to reach the desired flow 
rate. 
NOTE: The flow rate will depends on the pressures (sheath and sample) that are 
constant as indicated in 3.2.3 and on the concentration oflarvae in the eup. If the flow 
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rate is higher than 25 abjects/sec add sorne buffer in the eup. If it is lower than 15 
abjects/sec add concentrated Ll (from step 3.3.3) in the eup. 
C.f. Once the appropriate concentration of abject is reached, evaluate the volume 
in the eup and add 114th of this volume in High Fluorescent GP Control Particles 4X 
solution. 
C.g. Adjust the gating and sorting parameter. To do so, click "Gating" on the menu 
and select "TOF vs ." and "Green". Click on "Sorting" on the menu and select "TOF 
vs. "and "Red". Gating and sorting graphies will then appear as shawn in Figure 3A. 
NOTE: This will allow the visuali zation of the control particles (emission in Green 
and Red), dead animals stained by PI and bubbles (emission in Red and not Green) 
and living animals (no emission in neither Green nor Red channels) (Figure 3A). 
C.h. Run the experiment by clicking ACQUIRE. NOTE: To identify small size 
differences between larvae, analyse around 10,000 abjects, so approximately 8,000 
animals. Stop the experiment and export the data as .txt format by clicking on 
STORE 
D. Measurement of the relative s1ze of living animais m synchronized 
populations 
D.a. Open the .txt file using a software able to manage large data tables. 
D.b. From the analyzed abjects extract the TOF values associated with control 
particles that are characterized by emission in the green cham1el higher than 100 
arbitrary units (this value depends on the parameters set in section 3 .2.5). Crea te a 
new colmnn and call it "control pmiicles" . Crea te a colmm1 containing all the other 
abjects except the control particles called "sample". NOTE: the fluorescence emission 
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of new particle batch needs to be verified before starting the acquisitions. This will 
set the fluorescent threshold enabling the identification of control partiel es over LI s. 
D.c. For each analyzed strain identify the portion of the experiment where the flow 
rate bas been altered (due to the presence ofaplug ofeggs for example). To do so: 
D.c.a. Plot the TOF of "control particles" for each sample as a factor of time (Figure 
3B). 
D.c.b. Draw the linear trendline using the trendline tool and display the equation on 
the cha1"t. NOTE: The TOF of control pmticles should be constant over time 
(horizontalline, Figure 3B). Considering the equation of the linear trendline drawn on 
the data y=ax+b, ensure that the "a" value is lower that 10-4 . All measurements made 
within time sections displaying a rupture in the alignment of control particle should 
be removed from the analysis. 
D.d. Rem ove the dead embryos and bubbles (emission higher than 15 in the red) as 
weil as small debris and large egg plugs (TOF lower than 10 and higher than 70 
respectively) from the "sample" measurement. 
D.e. Plot the "control particles" distribution for eacb strain analyzed. As seen in 
Figure 3 C these distributions should overlay alrnost perfectly. This ensures that TOF 
measurements obtained for different strains can be compared. NOTE: normalization 
of sample elements TOF over control particles can be used if the distributions of 
control particles in a sample do not overlay with that of control samples. Nonnalized 
TOF are computed as followed: 
D.e.a. Normalize TOF for genotype G = (sample TOF for G) 1 (average "control 
particle" TOF for G) * (average "control pmticle" TOF for wt) where wt is the control 
sample. 
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D. f. Plot Larvae TOF distribution for each strain including control sample, in our 
case wt animais (Figure 3D). Measure the mean and the standard enor of the mean 
(SEM) for each population (Figure SA and B). 
3.5 Representative results 
3.5.1 Head-, tail- and head/tail-width ratio are robust metrics. 
The protocols described here have been successfully used to characterize the function 
of regulators and effectors of Rho GTPases pix-1, pak-1 and let-502 during early 
elongation (Martin et al. , 2014 ). pix -1 and pak-1 code respectively for a guanine-
ex change factor (GEF) and an effector specifie for Rac/Cdc42 GTPases whereas let-
502 codes for an effector for RH0-1 (Martin et al. , 2014). In this study, pix-1 and 
pak-1 were shawn to control epidermal morphogenesis during early elongation 
(Martin et al. , 2014). This study used head and tail width measurement as metrics to 
demonstrate, for the fust time, that hypodermal cells located in the anterior embryo 
follow different morphogenie programs than tbose located in its posterior end (Martin 
et al. , 2014). To establish the reproducibility and robustness of these metrics, head 
width was measured independently five times on 12 wi ld-type (wt) embryos at 1.2-
fold stage. Variances among the five different groups of measurement were compared 
then assessed using the Brown-Forsythe test (using R statistical package) revealing 
no significant differences amongst the measurements (F-test p-value > 0.5; Figure 
4A) suggesting that measurements for a group of embryos are reproducible. 
Assessment of reproducibility and batch effects associated witb these measurements 
was done through measurement of the head width of wt embryos at 1.2-fold stage 
from 4D-DIC imaging done on three different days (n=12 embryos). Across these 
three measurement groups, the variance was not significantly different and no 
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significant batch effects were found to impact the head-width measurement results CF-
test p-value > 0.5 ; Figure 4B). 
Similar results were obtained for tail width measurements and for measurements done 
at different stages of earl y elongation (data not shown). These data established head-
width, tail-width and head/tail width ratio as robust metrics to characterize early 
elongation defects. 
3.5.2 Measuring head and tail width as well as length of the embryos allows for the 
characterization of genes controlling early elongation along the antero-
posterior axis of the embryo. 
Measurement of the length of the embryos, as well as the width of their head and tail 
was done on wt and mutant embryos carrying null or strong thermosensitive loss-of 
function alleles for genes controlling earl y elongation: pix-1 (gk41 6); pak-1 (ok448) 
and let-502(sb 118ts) (Martin et al. , 2014). We measured the head/tail (H/T) width 
ratio of wt and mutant embryos at the beginning (1.2-fold stage) and at the end of 
early elongation at non-permissive temperatures (Figure 4C left and right panel 
respectively) . While at the beginning of early elongation there was no change or a 
reduced H/T ratio was observed Îl1 pix-1 , pak-1 and let-502 mutants when compared 
to wt animals (1.2-fold stage, Figure 2C, left panel), at the end of early elongation all 
tl1ree mutants showed a significantly higher H/T ratio than wt embryos (T-test p-
values <0.006; Figure 4C; right panel). This demonstrated that pix-1, pak-1 and let-
502 mutant embryos display abnormal antero-posterior morphology at the end of 
early elongation. Further analysis comparing head width and tail width between 1.2-
fold stage and the end of early elongation, using the same measurement parameters 
revealed th at the head width is less reduced in pix-1 , pak-1 and let-5 02 mutants while 
the tail width reduces significantly less in let-502 mutants only (Martin et al., 2014). 
This revealed that let-502 controls morphogenie processes similarly along the antero-
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posterior axis of the embryo, while pix-1 and pak-1 control morphogenie processes 
occurring mainly at the anterior part of the embryo (Martin et al., 2014). The length 
difference between the embryos at the end versus the begüming of early elongation 
(Figure 4D) was also measured. We found that early elongation was significantly 
reduced in pix-1 , pak-1 and let-5 02 mutants wh en compared to wt suggesting th at 
alteration of the an teri or morphogenesis in pix-1 and pak-1 mutants al one is sufficient 
to significantly reduce the elongation of the embryo. 
Protocol 2 and 3 were used to assess the length of arrested larvae in wt and mutant 
backgrounds. The length of these larvae was assessed using both image analysis 
(Protocol 2) (Martin et al., 2014) and flow-cytometry (Protoco l 3; unpublished data) . 
Measurements of larvae length using image analysis results in absolute measurements 
of animais' length in micrometers in a robust and highly reproducible manner (Figure 
SA) . This analysis revealed that synchronized mutant larvae display significantly 
reduced length when compared to wt (Figure SA) (Martin et al., 2014). Measurement 
of these larvae using the flow-cytometry based protocol (Protocol 3) gave comparable 
results (Figure SB) . However, it should be noted that the large number of larvae 
measured using the latter approach significantly increased the statistical robustness of 
genotype comparison (t-test p-values < 10-24) . Based on these findings , the flow-
cytometry approach may be a better choice over image analysis in order to 
characterize mutant animais displaying very subtle elongation defects . 
3.6 Discussion 
This protocol describes novel metrics to characterize early and late phases of 
embryonic elongation. 
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In section 1, the cri ti cal step is the potential presence of bacteria on the pad. The 
embryos are hermetically enclosed between the pad and the coverslip during image 
acquisition. Sealing the slide is required to avoid desiccation of the animais during 
acquisition tbat lasts more tban two bours. To our knowledge, none of the sealers 
used to mount agarose pads between slide and coverslip are air-permeable. 
Consequently, when a large amount of bacteria (or embryos) is present on the pad, 
they may be deprived of oxygen after a few hours leading to their premature death. 
Having three-fold embryos - corresponding to embryos that are 3-fold in length 
compared to non-elongated embryos - recorded along with the embryos of interest 
will be a good indicator of potential hypoxic conditions, since those embryos will 
stop moving in their eggshells in the absence of oxygen. No morphological 
measurements should be done on hypoxic conditions or on dead embryos. 
Another critical step when using time-lapse imaging is temperature at which 
development of the embryo occurs. Thermosensitive mutants are currently used in C. 
elegans. The biological effect of temperature shift may be immediate or delayed 
depending on the ha1f-life of the protein and the nature of the mutation its carries. 
Consequently, the temperature at which the embryo is exposed should be constant 
over time and should be controlled by appropriate ventilation of the microscopy room 
or a heating-cooling chamber on the microscope stage. 
Section 2 is dependent on larvae synchronization usmg alkaline hypochlorite 
treatment. Under certain circumstances, this treatment may lead to embryonic 
lethality (Emb). Emb above 20% in wt population suggests an elevated toxicity 
during hypochlorite treatrnent that may negatively impact morphogenesis. 
Synchronized L1 displaying high Emb in wt background should not be used for 
further analysis. This restriction also applies to protocol 3. 
We do not recommend the use of anesthetic drugs to irnmobilize larvae. Levamisol in 
particular, immobilizes the nematode through induction of muscle tetany that tends to 
shrink the larvae introducing experimental bias. If exposure time is not quick enough 
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as a result of the limitations of the microscope, we recommend reducing the motility 
of larvae by increasing the concentration of the agarose in the pad and reducing the 
amount of liquid between the pad and the coverslip. Care should be taken bowever, 
not to desiccate the larvae, since desiccation will reduce their size. 
In section 3, measurement of the length of larvae used comparison of flow rates 
between analysed samples. To do so, the distribution of control particles needs to be 
compared. If the distributions full y overlay, the TOF (Time-of-flight) values obtained 
for corresponding samples can be compared, if not, tbese values need to be 
nonnalized. Normalization of sample-TOF over control particles-TOF (as detailed in 
3.4.5.1) bas been used successfully as shawn for pak-1 (ok448) (Figure 3C and Figure 
SB). Relative lengtb of pak-1 (ok448) vs wt was found to be similar in at !east 3 
independent experiments with or witbout nom1alization (data not shawn). However, 
we recommend, confinning the results obtained with normalization with those 
obtained without it, especially when comparing larvae with small size differences. It 
should be noted that measurement of the larvae length using flow-cytometry provides 
a lengtb relative to a control sample, in this case, wt larvae rather tban an absolute 
length in micrometer as for image analysis. This implies tbat measurements from 
independent experiments cannat be combined unless computing size ratio over wt. 
The buffer used for dilution in the sample eup will have an impact on the flow rate. 
We observed that the sbeatb buffer recommended by the manufacturer contains 
detergent that increases the amount of bubbles generated during acquisition. Using 
M9 buffer, which does not contain detergent, significantly reduced the formation of 
bubbles but was less efficient in avoiding the plugging of eggs in the tubules of the 
sorter, which affects the flow rate of samples. Egg plugging is easily detected during 
the acquisition by a marked decrease of the observable TOF of control partiel es for a 
few seconds followed by an elevated TOF- also for a few seconds. Egg plugging may 
also lead to the obstruction of the channel and the complete arrest of the particle flow 
(less that 5 abjects per second). If this should occur, click on the CLEAN button until 
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flow rate is restored. Any measurements occurring during these events should be 
excluded from the data analysis. Sheath buffer may be recommended for experiments 
involving strains characterized by high rates of dead eggs. 
The sample and sheath pressure (set at the step 3.2.3), may change (slightly) over 
time and should be adjusted manually throughout the experiment in order to ensure a 
very constant flow rate. Reduction or increase of the low rate will be observable when 
analysing the results and plotting the TOFs of control particles over time (Figure 3 
C). Reduction of the flow rate will result in the increase of the average TOFs of 
particles over time, while an increase of the flow rate will result in the opposite. 
Alteration of the flow rate will negatively impact the sensitivity of the method in 
detecting small size differences between populations of larvae. 
Methods aiming to identify genes controlling elongation and requiring tirne-lapse 
microscopy recording are generally highly time-consuming and tedious when 
phenotyping several genotypes. The flow-cytometer-based approach, while requiring 
equipment not available to all laboratories, is less time-consuming and consequently 
more efficient when several strains need to be characterized. This method is also 
more statistically robust compared to measurements using image analysis (assessed 
by the student's t-test comparing mutant and wt TOP distributions; Figure SA and B). 
This method may then be highly suitable for strains expressing elongation defects 
with low expressivity/penetrance. 
Several methods using flow-cytometry have been developed in the past to measure 
fitness of nematodes (Boulier et Jenna, 2009 ; Ramani et al. , 2012 ; Verster et al. , 
2014 ; Andersen et al. , 20 15). The se methods use animais dispensed in a 96-well 
plates and the Reflex module of the worm sorter. The Reflex module enables direct 
analysis of nematode population dispensed within 96-well plates. Consequently, these 
methods are able to characterize hundreds of conditions per day and constitute a 
robust manner in which to measure the fitness of a non-synchronized population. 
144 
They are however, not well suited to identify small s1ze differences between 
synchronized L1. Measurement of small differences between L1 larvae requires the 
measurement across a large number of animais, which is incompatible with the use of 
96-well plates and of the Reflex module that may efficiently characterize 100 objects 
at the most per well. The method described here is designed for this purpose at the 
expense of the throughput, wh.ich is significantly reduced. It enables the 
characterization of 3 to 4 conditions per hour once the instrument is calibrated, which 
is a marked improvement over using image analysis in protocol 2. 
Measurement of head and tail width ratio is the first method that was developed to 
characterize morphogenie processes occurring unevenly along the antero-posterior 
axis of the embryo (Martin et al., 2014). When applied to genes shown to control 
early elongation, these methods will clarify the spatial distribution of signaling 
pathways controlling morphogenesis at that stage. Measurement of the length of 
arrested larvae using either image analysis or flow cytometry in combination with 
measurement of the length of the embryos at the end of early elongation will enable 
the identification of genes controlling either early or late elongation or both with high 
sensitivity and precision. These procedures may then contribute significantly to future 
understanding of the spatial and temporal regulation of signaling pathways 
controlling embryonic elongation in C. elegans . Fruihermore, these approaches can 
also be adapted to study signaling pathways controlling body length such as the 
insulin and TGF-beta pathways (So et al. , 2011 ; Dineen et Gaudet, 2014) and 
chronic exposure to environmental contaminants (Tan et al. , 2015 ; Yu et al. , 2015). 
These measurements can be done at different larval stages or in adults using minor 
variations ofProtocols 2 and 3. Measuring size differences in L1 is more challenging 
with the wonn sorter than larger objects such as L3 , L4 larvae or adults. Protocol 3 
can then easily be adapted to do these measurements. 
145 
3.7 Acknowledgments 
This work was supported by grants from the Natural Sciences and Engineering 
Research Council (NSERC) of Canada and The Canada Foundation for Innovation. 
Thanks to Dr Paul Mains (University of Calgary, Calgary, Canada) for let-
502(sb118ts) strain. Sorne of the strains were provided by the Caenorhabditis 
Genetics Center, which is funded by Nll-I Office of Research Infrastmcture Programs 
(P40 ODO 1 0440). 
146 
3.8 Figures 
Figure 3.1 : Preparation of an agarose pad. 
A, Microscope slide placed between two spacer-slides covered by two layers of 
masking tape. B, The agarose pad is covered with another slide supported by the two 
spacer-slides. C, The fmal shape and size of the agarose pad after cutting with a razor 
blade to fit the coverslip. 
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Figure 3.2 : Measurement of early and late elongation defects. 
A-B, Measurement of the length of an embryo at comma stage (A) and at the end of 
early elongation (B). The red line, used to measure the embryos was drawn using the 
segmented line tool of I.mageJ. C, Head and tail width are measured in embryos at 
1.2-fold stage (left) and at the end of early elongation (right) . Arrows represent the 
localisation ofmeasured areas (modified from Martin et al. , 2014). Scale bar: 20 J..liTI. 
D, Length of Larvae is measured for synchronized L1 -larvae. Right panel is an 
enlarged view of the captured image (left) . The red line was drawn using the 
segmented line tool of I.mageJ. It is used to measure the length of the larva. Scale bar: 
100 J..llTI. 
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Figure 3.3 : Measurement of the length of synchronized larvae using flow-
cytometry. 
A, Ga ting and sorting window of COP AS Biosort showing Green and Red emission 
of control particles, bubbles, dead and living animals with respect to their Time-Of-
Flight (TOF). B, TOF of control particles at different time points for a representative 
experiment. The slope of the linear function of TOF versus time is around 10-5, 
indicating that TOF of control particles is constant over time throughout the 
experiment. C, Distribution of control particle TOFs expressed as a percentage of 
maximal value of distributions . Non-nonnalized and normalized control particle 
distributions are represented for pak-1 (ok448) . Other distributions are not nom1alized. 
D, distribution of TOFs for living animais expressed as a percentage of the maximal 
value of the distributions. TOFs are not nonnalized on control particles except for 
pak-1 (ok448) as indicated. 
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Figure 3.4 : pix-1, pak-1 and let-502 mutants present early elongation defects. 
A-B, Reproducibility and robustness assessment of head width measurements. A, 
Five independent measurements of the head width for wt embryos at 1.2-fold stage 
(n=12 embryos). Means and standard deviations (enor bars) are indicated. Non 
significant (ns) differences between measurements were computed using the Brown-
Forsythe test (using R statistical package) (F-test p-value > 0.5). B, Head width 
measurement for wt embryos at three different days (n=12 embryos). Means and 
standard deviations are indicated as well; there was no significant difference in 
variance across the measurements (ns; Brown-Forsythe F-test p-value > 0.5). C, 
Distributions of headltail width ratio at 1.2-fold stage (left panel), at the end of earl y 
elongation (right panel) in wt, pix-1(gk416), pak-1(ok448) and let-502(sbll8ts) 
mutants at 23-24°C. Note that mothers of let-502ts embryos used for this study were 
grown at 25.5°C. D, Distribution of the elongation in wt, pix-1 (gk416) , pak-1 (ok448) 
and let-502(sb118ts) mutants between comma stage and the start of late elongation. 
The box-plots represent the min, max, 251h, 50111 (median) and 751h percentiles of the 
populations.* T-testp-value < 0.05, ** T -testp-value < 0.006 (modified from Martin 
et al. , 2014) 
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Figure 3.5 : pix-l(gk416), pak-l(ok448) and let-502(sb118ts) larvae present length 
defects. 
A, Length of larvae measured in wt, pix-l(gk416),pak-l(ok448) and let-502(sb118ts) 
animais measured using image analysis (Protocol 2). B, Relative larvae length 
measured using flow-cytometer (Protocol 3). Numbers in brackets correspond to the 
number of animals used for the measurements. Means of lengths and standard error of 
the mean (SEM; error bars) are represented. Student 's T-test p-va!ues are indicated 
(p) . 
CHAPITRE IV 
L'ANTAGONISME RHO 1 RAC DÉFINIT L'HÉTÉROGÉNÉITÉ CELLULE-
CELLULE PENDANT LA MORPHOGENÈSE DE L'ÉPIDERME CHEZ LE 
NEMATODE 
Le travail de ce chapitre a été soumis pour publication à Journal of Cel! Biology 
(JCB) . Il a récemment été accepté sous réserve de modifications. 
Dans le travail du chapitre II, nous avons montré que la répartition des voies de 
signalisation contrôlant l 'élongation embryonnaire précoce - mel-1 1/let-502 et pix -
1/pak-1 - n ' était pas homogène le long de l'axe antéro-postérieur et dorso-ventral. 
Dans ce chapitre, nous souhaitons cartographier à l'échelle cellulaire l'activité de ces 
deux voies de signalisation. 
Contributions des auteurs : 
Emmanuel Martin : conception, design, acquisitions, analyse et interprétation des 
résultats, rédaction du manuscrit, montage des figures ; expériences : toutes les 
expériences de l'article (Figure 1 à 1 0) . Marie-Hélène Ouellette : acquisitions de 
certaines souches exprimant AJM -1: :GFP, ABD: :mCh pour mesurer l'anisotropie et 
la taille des protrusions (partie des Figures 4 et 6). Sarah Jenna : conception, design, 
analyse et interprétation des résultats, rédaction du manuscrit, montage des figures . 
NOTE : Les références de l'article sont incluses dans la bibliographie générale. 
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4.1 Résumé 
L'antagonisme entre les GTPases Racl et RhoA contrôle l'hétérogénéité cellule-
cellule dans une population isogénique de cellules en culture in vitro , et la 
morphogenèse épithéliale in vivo. Cependant, son implication dans la régulation de 
l'hétérogénéité cellule-cellule au cours de la morphogenèse n'a jamais été étudiée. 
Ici , nous avons utilisé une nouvelle méthode d'imagerie afm de caractériser la 
morphogenèse épithéliale à 1' échelle cellulaire au cours de 1 'élongation embryonnaire 
précoce du Caenorhabditis elegans. Cette étude a révélé qu'une voie Rac-like, 
impliquant la GEF spécifique pour Racl et Cdc42 ~-PIX/PIX-1 ainsi que leur 
effecteur PAK1 /PAK-1 , et une voie RhoA, impliquant ROCK/LET-502, contrôle à la 
fois le remodelage des jonctions apicales et la fonnation de protrusions basolatérales 
dans différents sous-groupes de cellules de 1 'hypoderme. Dans ce contexte, les 
protrusions adoptent une morphologie soit de type lamellipode, lequel semble réduire 
la tension au niveau des jonctions cellule-cellule, soit amiboïde. L'antagonisme 
cellulaire autonome entre ces voies de signalisation pem1et aux cellules de passer 
d'un programme morphogénétique Racl à RhoA, et inversement. Cette étude 
identifie le premier cas d'hétérogénéité cellule-cellule contrôlée par 1' antagonisme 
Racl/RhoA durant la morphogenèse épithéliale. 
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Manuscrit 
RACl /RHOA ANTAGONISM DEFINES CELL-TO-CELL HETEROGENEITY 
DURING EPIDERMAL MORPHOGENESIS IN NEMATODE 
Emmanuel Martin*, Marie-Hélène Ouellette* and Sarah J enna* 
Department of Chemistry, Phannaqam, Biomed, Université du Québec à Montréal 
(UQÀM), Montréal, Québec, H3C 3P8, Canada 
* COITesponding Author: jenna.sarah@uqam.ca 
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4.2 Abstract 
The antagonism between the GTPases Racl and RhoA controls cell-to-cell 
heterogeneity in isogenic populations of mesenchymal cells in vitro, and epithelial 
morphogenesis in vivo. Its involvement in the regulation of cell-to-cell heterogeneity 
during epithelial morphogenesis bas, however, never been addressed. We used a 
novel cell imaging approach to characterize epidermal morphogenesis at a single-cell 
level during earl y elongation of Caenorhabditis elegans embryos. This study revealed 
that a Rac1 -like pathway, involving the Rac/Cdc42's Guanine-exchange factor ~­
PIX/PIX-1 and effector PAK1/PAK-l , and a RhoA pathway involving ROCK/LET-
502 control the apical junctions remodelling and the fonnation of basolateral 
protrusions in distinct subsets of hypodermal cells. In these contexts, protrusions 
adopt a lamellipodia or an amoeboid morphology, the former one reducing tension 
building at the cell-cell junctions during morphogenesis. Cell autonomous 
antagonism between these pathways enables cells to switch between Racl - and 
RhoA-like morphogenetic programs. This study identifies the first case of cell-to-cell 
heterogeneity controlled by Racl!RhoA antagonism during epithelial morphogenesis . 
155 
4.3 Introduction 
Morphogenesis of epithelial cells is involved in organogenesis during embryonic 
development, organ regeneration and metastasis of carcinoma cells. The remodelling 
of apical junctions leading to apical constriction or anisotropie rearrangement of 
apical junctions was shown to drive epithelial morphogenesis during gastrulation, 
planar cell intercalation and elongation in number of genetic models from the 
nematode to the mouse (reviewed in Munjal et Lecuit, 2014). Junction shrink:age bas 
been mostly investigated during epithelial cells intercalation leading to the elongation 
of Drosophila melanogaster germ band (reviewed in Lecuit et Yap, 2015). Myosin II, 
as well as its upstream regulator, the RhoA's effector ROCK, play a central role in 
these processes through the regulation of cadherin endocytosis from adherens 
junctions (Bertet et al., 2004; Levayer et al. , 2011 ; Yashiro et al., 2014 ; Collinet et 
al. , 2015). Epithelial morphogenesis was also shown to involve the fonnation of 
basolateral protrusions in a polarized manner, which has been proposed to set the 
polarity of elongation/intercalation in nematodes, arthropods and mouse (Heid et al. , 
2001 ; Ewald et al. , 2008 ; Georgiou et Baum, 2010 ; Williams et al. , 2014 ; Walck-
Shatmon et al., 20 15). Studies using epithelial cell culture and developmental systems 
revealed that myosin contraction at the apical junctions and at the prou-usions, which 
constitute the principal motor for cell-shape changes during morphogenesis, depends 
on the activation of two main pathways controlled by the Rho GTPases Racl and 
RhoA (Vaezi et al. , 2002 ; Yu et al. , 2003 ; Vargo-Gogola et al. , 2006). Interestingly, 
pathways involving these two GTPases tend to function in an antagonistic manner 
(Chauhan et al. , 2011 ; Guilluy et al. , 2011 ; Vlachos et Harden, 2011). For instance, 
this antagonism was shown to generate distinct and mutually exclusive Racl and 
RhoA subcellular compartments in placode cells, controlling invagination of the 
epithelium during lens development in mouse (Chauhan et al., 2011). lt was also 
shown to induce a certain leve! of heterogeneity within isogenic populations of cells 
(Yin et al. , 2013 ; Sailem et al. , 2014). Indeed, invasive carcinoma cells were shown 
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to switch between a Racl-dependent mesenchymal to a RhoA-dependent amoeboid 
migration in response to increased stiffness of the ir environment (Y amazaki et al. , 
2009). Recent studies using automated single cell analysis also demonstrated that 
switch between Racl and RhoA programs enables cells of an isogenic population to 
move within a defmed landscape composed of several discrete shapes (Yin et al. , 
2013 ; Sai lem et al. , 2014 ). Importantly, the se studies suggested that gene networks 
have evolved to promote and regulate this morphological heterogeneity that may 
facilitate population-leve! behavior and survival when exposed to environmental 
changes (Yin et al. , 2013 ; Sailem et al. , 2014). While cell-to-cell heterogeneity 
within an isogenic population of mesenchymal cells is now well accepted, the 
presence of such heterogeneity between cells of a polarized epithelium has not yet 
been observed. Intriguingly, the columnar epithelial cells display an evolutionarily 
conserved distribution of polygonal shapes with a peak of 40 to 45% hexagons 
(Lewis, 1928 ; Gibson et al. , 2006 ; Gibson et Gibson, 2009). Recent study using 
human keratinocytes revealed that this rate of hexagons depends on detenninist 
instead of stochastic mechanisms and more particularly, on cell-cell junction 
remodelling by the RhoA's effectors ROCK1 and ROCK2 (Kalaji et al. , 2012). 
Overall, these studies suggest that distribution of shapes within an epithelium may 
depend on signaling pathways previously shawn to control epithelial morphogenesis . 
They consequently raise an important and still unaddressed question: is Racl /RhoA 
antagonism, controlling both epithelial morphogenesis and cell -to-cell heterogeneity 
within populations of mesenchymal cells, also defines cell-to-cell heterogeneity 
during epithelial morphogenesis? 
Embryonic elongation is a developmental stage of epidennal morphogenesis in 
Caenorhabditis elegans and is divided into an early and a late phase. Early elongation 
consists in a reduction of the diameter of the embryo and its elongation along its 
antero-posterior axis. At that stage, the hypodermis is composed of dorsal, lateral and 
ventral hypodennal cells (Priess et Hirsh, 1986). Early elongation was proposed to 
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result from the apical constriction of lateral hypodermal cells (Priess et Hirsh, 1986 ; 
Keller, 2006a ; Diogon et al. , 2007). Rac-1- and RhoA-like pathways involving the 
Rac/Cdc42's regulator and effector PIX-1/~-PIX and PAK-1/PAKl , and the RH0-
1/RhoA's effector LET -502/ROCK respective! y were shown to control earl y 
elongation in parallel (Piekny et al. , 2003 ; Gall y et al., 2009 ; Martin et al. , 2014 ). 
The RH0-1/LET -502 pathway is expected to be active in lateral cells and inactive in 
dorsal and ventral cells due to the expression of a RH0-1-specific GTPase-activating 
protein (GAP), RGA-2, in these latter cells (Diogon et al., 2007). The cells 
expressing active PIX-1 and PAK-1 are still unknown. This pathway was, however, 
suggested to mostly control morphogenetic processes at the anterior part of the 
embryo (Martin et al., 2014). Altogether, these studies suggest that the hypodennal 
cells may use different combinations of Racl /RhoA signaling pathways along the 
dorso-ventral and antero-posterior axis of the embryo during earl y elongation. 
We used a novel imaging approach to characterize early elongation at a single cell 
lev el. This study revealed that the PIX -1/P AK -1 pathway controls the remodelling of 
apical junctions and the formation of basolateral protrusions in the dorsal anterior 
cells , while LET -502 cont:rols similar processes in lateral cells. We also showed that 
cells can switch between Racl-like and RhoA-like morphogenetic programs upon 
gene tic alteration of let-5 02, pix-1 or pak-1. We propose a model in which cell-
autonomous Rac 1/RhoA antagonism defines the morphogenetic pro gram adopted by 
polarized epithelial cells, and controls cell-to-cell heterogeneity during epithelial 
morphogenesis . 
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4.4 Results 
4.4.1 Hypodermal cells follow different morphogenetic programs during early 
elongation. 
We developed a novel imaging method to better assess the spatial distribution of 
cellular and molecular processes controlled by PIX -1/P AK -1 and LET -502 during 
early elongation. This method uses high-resolution four-dimensional (4D) confocal 
microscopy to measure the defonnation rates (elongation or shrinking) of the cell-cell 
junctions between hypodennal cells in transgenic animais expressing the junction 
marker AJM-1 ::GFP and the filamentous actin (F-actin)-binding probe VAB-
lO(ABD) ::mCherry in the hypodennis. These transgenic animais displayed similar 
elongation rate and morphology than wild-type (wt) embryos during early elongation 
(Figure S 1 ). We measured the defom1ation rates of transversal and longitudinal cell-
cell junctions of dorsal (D), lateral (L) and ventral (V) cells during early elongation 
(see Materials and methods, Figure S2). The average defom1ation rates for groups of 
junctions were represented using rose graphs in which elongating junctions display 
positive rates (towards the exterior of the graph) and shrinking junctions, negative 
rates (towards the interior of the graph; bottom panels; Figure lA-B). Deformation 
rates for individual junctions were a Iso indicated (Figure 1 C and D). This analysis 
revealed that transversal lateral anterior junctions (light red; Figure lA) shrank 2.5-
fold faster than the posterior ones (dark red, Figure lA). On the contrary, transversal 
ventral anterior junctions (ligbt blue, Figure lA) shrank 3.5-fold less than the 
posterior ones (dark blue, Figure lA). A small elongation was also measured for 
dorsal anterior junctions (green, Figure lA). Because dorsal posterior cells fuse 
during early elongation, defonnation rate could not be measured for this part of the 
embryo. 
These results suggest that the reduction of the head width of the embryo is mostly 
associated to the shrinking of transversal junctions of lateral hypodermal cells. 
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However, these data also suggest that morphogenesis of the posterior part of the 
embryos depends on the shrinking of the transversal junctions of both lateral and 
ventral cells. These data deviate from the accepted model suggesting that ventral cells 
may passively contribute to early elongation (Diogon et al. , 2007). 
When considering the defonnation rate of these junctions individually, we identified 
two set of junctions which are semi-aligned or aligned along the dorso-ventral axis of 
the embryo (Figure 1 C and D): the D 1/LlNl junctions linking Dorsall /2; Lateral Hl 
and ventral 18/19 to their anterior neighbours and the junctions D2/L2/V2 linking 
those cells with their posterior neighbours (Figure S3). Interestingly, these junctions 
appear to deform differently. For example, the L2 junctions shrink significantly more 
than Ll (T-test p-values = 0.046; Figure ID). These data suggest that hypodem1al 
cells, such as Hl lateral cells, forrn cell-cell junctions with their anterior and posterior 
neighbours that are submitted to different morphogenetic mechanisms. 
4.4.2 LET-502 and PIX-1/PAK-1 control morphogenesis m different subsets of 
hypodermal cells. 
The results presented above support the hypothesis that hypodennal cells follow 
different morphogenetic programs during early elongation and that these programs 
are also modulated at the subcellular leve!. To better understand the genetic basis of 
this heterogeneity, we measured the deformation rate (DR) of the hypodermal cell-
cell junctions in embryos carTying the strong loss-of-function let-502(sb118ts) 
thermosensitive allele and grown at 25 .5°C, in let-502(RNAi) and in wild-type (wt) 
animais (left and middle panels; Figure 2 A and B). We also computed the relative 
deformation rates (RDR) of the junctions of mutant/RNAi-treated animais when 
compared to wt (see Material and methods; right panels; Figure 2 A and B). When 
considered at the organism level, these embryos displayed similar elongation defects 
(Figure S4). They also displayed similar alteration of junction DR and RDR (Figure 
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2A and B), consisting in a significant reduction of the shrinking rate of the anterior 
and posterior transversal lateral junctions and of posterior transversal ventral 
junctions (red rose graph; Figure 2A-B) when compared to wt animais (grey rose 
graph; t-test p-values < 0.045; Figure 2A-B). This analysis also revealed that the 
RDR of lateral anterior, lateral posterior and ventral posterior cell junctions were 
similar (around 1.3) in let-502(sb118ts) or let-502(RNAi) embryos (right panels; 
Figure 2A and B). This suggests that let-502 controls the shrinking of transversal 
membranes of lateral and ventral posterior cells in a similar manner as previously 
suggested (Martin et al. , 2014). 
We also measured the DR and RDR of cell-cell junctions in embryos carrying pix-
1 (gk416) and pak-1 (ok448) null alleles (Figure 2C and D). These embryos displayed 
a significant RDR over wt only at the anterior part of the embryos; consisting in the 
elongation of transversal dorsal and ventral an teri or junctions (t-test p -values < 0.01 ; 
Figure 2C-D). These results suppo1t previous studies suggesting that the pix-1/pak-1 
pathway controls earl y elongation mostly at the an teri or part of the embryo (Martin et 
al. , 2014. Note that D2N2 junctions display higher RDR than DlNl (right panel; 
Figure 2C and D) suggesting that morphogenetic differences observed for the anterior 
and posterior junctions ofH1 lateral cells (Figure lD) are also observed at dorsal and 
ventral cells and involve the function of pix-1 and pak-1 . 
Altogether, these data suggest that let-502 controls the defonnation of transversal 
junctions of anterior and posterior lateral cells and ventral posterior cells while pix-1 
and pak-1 control the deformation of transversal junctions of dorsal and ventral 
anterior cells. These data also suggest that while let-502 controls junction shrinking 
similarly in lateral and ventral posterior cells, pix-1 and pak-1 function in a more 
spatially restricted manner, with a prominent function observed at the D2/V2 
transversal junctions. 
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4.4.3 let-502 and pix-1/pak-1 pathways control the reorganization of apical 
junctions in distinct sets of hypodermal cells. 
In order to assess the role played by signaling pathways controlling myosm 
contraction on apical junction remodelling, we identified a novel metric enabling a 
quantitative assessment of myosin-dependent remodelling of cell-cell junctions. The 
anisotropy of fluorescently-tagged junction proteins - being the ratio of the maximal 
versus the minimal intensity of fluorescence measured along the junctions - was 
shown to correlate significantly with myosin-dependent tension applied to the 
junctions in mammalian systems (Engl et al., 2014). We thus measured the 
anisotropy of AJM-1: :GFP at the transversal lateral junctions of wt embryos (Figure 
3A-B). This revealed that AJM-1 ::GFP anisotropy significantly anti-correlated with 
the shrinking rate of these junctions (Spearman correlation = -0.98 ; p -value = 3.9.10-
4; Figure 3B). We also measured the anisotropy of AJM-1::GFP at the lateral anterior 
transversal junctions (Ll , L2 and L3) in wt embryos and embryos carrying a 
thermosensitive allele of the myosin heavy-chain coding gene nmy-2(ne1490ts), at 
both pe~ssive and restrictive temperature (18°C and 25 °C respectively; Figure 3A 
and C). This study revealed that AJM-l::GFP anisotropy was significantly reduced of 
at the junctions upon inactivation of nmy-2 (Figure 3A and C). Therefore, these data 
identify the measurement of AJM-1::GFP anisotropy at the cell-cell junctions as a 
powerful metric to measure myosin contraction-dependent remodelling of apical 
junctions during early elongation. 
We subsequently measured AJM-1::GFP anisotropy at the transversal junctions 
between anterior hypodermal cells in wt, let-502(RNAi), pix-1(gk416) and pak-
1 (ok448) embryos (Figme 4A-C). This anisotropy was significantly reduced at D2 
junctions between dorsal cells in pix-1 (gk416) and pak-1 (ok448) but not in let-
502(RNAi) embryos (Figure 4A). In contrast, it was significantly reduced at L1 and 
L2junctions between lateral cells in let-502(RNAi) but not inpix-1 andpak-1 mutants 
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(Figure 4B). No significant variation of AJM-l::GFP anisotropy was observed at 
ventral an teri or junctions of tested animais (Figure 4C). These data suggest that pix-1 
and pak-1 control the D2 junctions remodelling between anterior dorsal cells while 
let-502 controls the Ll and L2 junctions remodelling between lateral anterior cells. 
4.4.4 Dorsal and lateral hypodermal cells produce convergent lamellipodia and 
amoeboid-like protrusions during early elongation. 
Epithelial morphogenesis was shawn to involve the formation of basolateral 
protrusions during both dorsal intercalation and ventral enclosure m C. elegans 
(Williams-Masson et al., 1997 ; Williams-Masson et al. , 1998). However, the 
potential involvement of such protrusions during early elongation bas never been 
investigated. Photobleaching of the F -actin-binding probes V AB-1 O(ABD): :mCherry 
in a selected subset of cells was used to observe the formation of potential protrusions 
by dorsal , lateral and ventral anterior hypodennal cells . This revealed that dorsal 112 
cells produce polarized and highly dynamic flat protrusions reminiscent of 
lamellipodia towards the lateral Hl cells (Figure SA). This study also revealed that 
lateral H2 cells produce a unique and deep protrusion located undemeath the 
transversal junction between the dorsal 1/2 and the dorsal 3 hypodem1al cells (Figure 
SB) . To characterize better the morphology and the behaviour of this protrusion, we 
generated transgenic animais carrying an integrated anay sajls50 expressing a soluble 
photoconvertible fluorescent protein, Kaede (An do et al. , 2002), under the control of 
the bypodennal specifie lin-26p promoter. Pulses of blue-light illumination of H2 
lateral cells induced the photoconversion of Kaede green fluorescent proteins into 
strong red fluorescent pro teins as previously shawn (Ando et al. , 2002). This spectral 
isolation of H2 cell confurned that H2 produced a unique basolateral protrusion 
towards the dorsal cells which displays a thin neck emerging from the cell body 
(anow, Figure SC and D) followed by a deep cytoplasmic extension (anow-head; 
Figure SC and D) in which was transferred part of the cytoplasm (Figure SE; Movie 
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1 ). lnterestingly, the se features are usually observed for protrusions used during 
amoeboid migration of macrophages or invasive carcinoma in mammals (Carr et al. , 
2013) but, to our knowledge, have never been observed in polarized epithelial cells. 
ln summary, these data suggest that dorsal cells produce large flat lamellipodia-like 
protrusions towards the lateral cells while H2 lateral cells produce deep amoeboid-
like protrusions towards the dorsal cells. No protrusion was observed between lateral 
and ventral cells. 
4.4.5 pix-1/pak-1 and let-502 control the formation and shape of lamellipodia and 
amoeboid-like protrusions respectively 
We subsequently assessed whether pix-1, pak-1 and let-502 control the protrusive 
activity of dorsal and lateral hypoderma1 cells. Using the same selective 
photobleaching st:rategy described above, we measured the size of the protrusions 
produced by dorsal and lateral cells. Protrusions formed by dorsal cells spread along 
the longitudinal junction between dorsal 1/2 and lateral Hl cells. Therefore, we 
nonnalized the length of the protrusion on the length of this junction (see Materials 
and methods) . The resulting spreading rate of the protrusions was significantly 
reduced inpix-1(gk416), pak-l(ok448) and let-502(RNAi) embryos when compa:red to 
wt (Figure 6A and C). We a1so assessed the distribution of the protrusion along the 
longitudinal junction (see Materials and methods; Figure S5). This revealed that 
protrusions disappeared specifically at the posterior part of this junction in pix-
1(gk614) and pak-1(ok448) embryos (Figure 6D), suggesting that pix-1 and pak-1 
control the formation and the spreading of protrusions produced by dorsal cells 
specifically towards the posterior part of Hl lateral cells. 
We characterized the protrusive activity of lateral cells by measuring the area covered 
by the protrusion on a Z-stack projection (white dashed line; Figure 7 A). This 
measurement revealed that the protrusion produced by H2 was significantly more 
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spread in let-502(RNAi) embryos when compared to wt, and pix-1 (gk41 6) embryos 
(Figure 7 A and B). A slight but significant increase of the protrusion surface was also 
observed in pak-1 (ok448) embryos. However, this later surface increase was not 
correlated with the spreading of the protrusion along the antero-posterior axis as 
observed for let-502(RNAi) animais (Figure 7A), suggesting that deletion ofpak-1 did 
not significantly change the morphology of the protrusion produced by the lateral 
cells . 
Altogether these data suggest that let-502 controls the morphology of the amoeboid-
like protrusions produced by H2 towards the D2 junction, while pix-1 and pak-1 
control the fom1ation and spreading of basolateral lamellipodia towards the L2 
junction. let-502 may also control part of the protrusive activity of dorsal cells 
uniformly along the longitudinal junctions between dorsal and lateral cells. Therefore, 
these data suggest tbat pix-1/pak-1 and let-502 control the fonnation of convergent 
protrusions along the aligned D2/L2 junctions and tbat tbeir function are prominent in 
either dorsal or lateral cells. 
4.4.6 pix-1 and pak-1 functions contribute to the reduction of AJM-l::GFP 
accumulation at D2/L2 vertice 
D2 and L2 junctions display faster shrinking rate (Figure ID) and more elevated 
myosin-dependent apical remodelling than Dl and Ll (Figure 4A and B), suggesting 
that the vertex located at the intersection of these junctions (D2/L2 vertex) is 
submitted to a higher tension than Dl/Ll vertex (Figure 8A and B). Considering that 
pix-1/pak-1 and let-502 control the fom1ation of convergent protrusions along the 
aligned D2/L2 junctions, we assessed whether the formation of these protrusions may 
impact differently on the tension applied on Dl/Ll and D2/L2 vertices. We sbowed 
above a significant correlation between the anisotropy of AJM-l: :GFP at cell-cell 
junction and intracellular myosin contraction (Figure 3). Other groups have also 
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demonstrated that junction proteins tend to accumulate at a cell-cell junction in 
response of increasing tension and traction forces (Engl et al. , 2014). Consistent with 
these studies, we observed that AJM-l::GFP strongly accumulate at Dl/Ll and 
D2/L2 junction vertices where tension is expected to be the strongest along the 
longitudinal junctions between Dorsal 112 and lateral H 1 cells in wt embryos (black 
line; Figure 8C). Interestingly, AJM-1 :: GFP accumulation was similar at Dl/Ll and 
D2/L2 vertices in these animais. It was also reduced at both vertices in a similar 
manner in nmy(ne1490ts) embryos at restrictive temperature (25°C) and in let-
502(RNAi) embryos (grey and green line respectively; Figure 8C). This accumulation 
was also significantly increased at D2/L2 in pix-1 (gk416) and pak-1 (ok448) when 
compared to wt (blue and red lines respectively; Figure 8C). If we postulate that 
AJM-1: :GFP accumula tes at the cell-cell junctions in response to an increased tension 
and/or pulling forces applied on the junctions, it suggests that NMY -2 and LET -502 
increase the tension/pulling forces applied on both D1 /Ll and D2/L2 vertices which 
is consistent with their expected function on myosin contraction (Piekny et al., 2003 ; 
Gally et al., 2009). These data also suggest that the function of PIX-1 and PAK.-1 
tend to decrease the tension applied on D2/L2 vertex and has no significant impact on 
the tension applied on D liLl vertex. 
4.4. 7 Cell autonomous antagonism between let-5 02 and pix-1/pak-1 controls the 
switch between Racl - and RhoA-like morphogenetic programs 
In order to assess whether the cell-to-cell heterogeneity observed in hypodermis 
during early elongation depends on a cell autonomous antagonism between the Racl 
and RhoA pathways, as shown for isogenic population of mesenchymal cells in vitro 
Sailem et al., 2014, we assessed whether knockout of pix-1 or pak-1 may induce a 
switch of the morphogenetic program adopted by dorsal cells towards let-502. To do 
so, we measured the anisotropy of AJM-l::GFP at Dl and D2 junctions between 
dorsal cells in pix-1 (gk416); let-502(RNAi) and in pak-1 (ok448); let-502(RNAi). This 
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ana1ysis revealed that let-502(RNAi) significantly reduced AJM-1 ::GFP anisotropy at 
D2 when compared to pix-1 (gk41 6) and pak-1 (ok4486) embryos (t-test, p-value :S: 
0.046; Figure 9A). This suggests that let-502 controls the remodelling of apical 
junctions between dorsal cells in the absence of pix-1 or pak-1. The spreading rate 
and the antero-posterior distribution of the protrusions produced by dorsal cells in let-
502(RNAi); pix-1(gk416) andpix-1(gk416) were, however, similar (Figure 6B and C), 
suggesting that let-502 does not control the formation and polarity of protrusions 
produced by these cells in the absence of pix-1 . Unfortunately, the leve! of 
fi lamentous actin detected by the V AB-10(ABD) ::mCherry probe in pak-1 (ok4480) ; 
let-502(RNAi) embryos was too low to assess the morphology and spreading of 
protrusions produced by dorsal cells in these animais. 
We subsequently assessed whether the knock-down of let-502 may switch lateral 
cells from a RhoA- to a Rac-1-like program. To do so, we measured AJM-l::GFP 
anisotropy at L1 and L2 junctions in pix-1 (gk41 6) ; let-502(RNAi) and pak-1 (ok448); 
let-502(RNAi). This analysis revealed that pak-1 (ok448), but not pix-1 (gk41 6), 
significantly reduced AJM-l::GFP anisotropy at L2 junction of let-502(RNAi) 
embryos (Figure 9B), suggesting that pak-1 bas a significant function on the 
remodelling of the L2 apical junctions upon let-502 knock-down. 
To better understand the mechanisms underlying this switch between RhoA- and 
Racl-like programs, we further characterized the structure of apical junctions in 
different genetic backgrounds through measurement of AJM-l::GFP cluster density 
(see Materials and methods; Figure 9B). It revealed that both Ll and L2 displayed a 
significant increase of AJM-1 cluster density in let-502(RNAi) when compared to wt, 
pix-1 (gk41 6) and pak-1 (ok448) (t-test p-values < 0.025 ; Figure 9C) . This increase 
was maintained in pak-1 (ok448); let-502(RNAi) and completely suppressed at both 
Ll and L2 junctions in pix-1(gk416) ; let-502(RNAi) embryos (Figure 9C). As 
identification of protein clusters at cell-cell junctions requiring high accumulation 
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levels of these proteins, this analysis could not be done for junctions between dorsal 
ce lis. 
Together, these data suggest that lateral hypodermal cells switch from a RhoA-like 
program to a Racl-like pro gram involving pix-1 and pak-1 upon functional alteration 
of let-502. In these conditions, pix-1 controls AJM-1 clusters density and pak-1 
controls the AJM -1 accumulation at the junctions between lateral cells. 
These data suggest that the adoption of a RhoA-like pro gram by lateral cells depends 
on the inhibition of pix-1 and pak-1 by let-502. let-502 is expected to control early 
elongation mainly through activation of myosin contraction at the apical junctions of 
hypodennal cells (Piekny et al., 2000). The function of pix-1 and its homo log ~-PIX 
were shown in both C. elegans and mammals to be regulated by mechanical stimuli 
(Zhang et al. , 2011 ; Plutoni et al., 2016). We consequently assessed whether pix-1 
inhibition by let-502 in lateral cells may be indirect and depend on the leve! of 
myosin contraction at the apical junctions between lateral cells. To test this 
possibility, we measured AJM -1 elus ter density at L2 junctions in nmy-2 (ne1490ts) 
embryos at permissive (18°C) and restrictive temperatures (25.5°C; Figure 9B and 
C). No significant difference of AJM-1::GFP cluster density was observed in these 
conditions wh en compared to wt animais, suggesting that LET -502 inhibits PIX -1 in 
lateral cells, independently from its function on NMY -2 contraction. 
We also assessed whether the switch between morphogenetic programs controlling 
apical junction remodelling upon let-502(RNAi) is also associated to a change of 
protrusion morphology. The over-spread protrusion produced by H2 in let-502(RNAi) 
animais was inhibited in more than 50% (N=10) of pix-1 (gk416); let-502(RNAi) 
embryos (Figure 7B and C). These data suggest that pix-1 controls the morphology of 
protrusions produced by lateral cells upon let-502(RNA i). The low penetrance of this 
inhibition by pix-1 (ok416) also suggests that pix-1 controls the morphology of these 
protrusions, in parallel with gene(s) that remain(s) to be identified. Unfortunately, the 
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protrusions produced by lateral cells could not be analyzed in pak-1 (ok4480); let-
502(RNAi) due to the low level offilamentous actin detected in these embryos. 
4.5 Discussion 
Antagonism between Rac 1 and RhoA has been shawn to control different 
morphogenetic processes during embryonic development, the activation of these 
GTPases being restricted to mutually exclusive subcellular compartrnents or 
sequential (Duan et al., 2010 ; Chauhan et al. , 2011 ). We used here a novel imaging 
approach to characterize the function of the RhoA-like rho-1 /let-502 and the Racl-
like pix-1/pak-1 pathways at a single celllevel during early elongation in C. elegans. 
This study revealed that pix-1 and pak-1 are mainly involved in the remodelling of 
apical junctions between dorsal and ventral anterior cells while let-502 controls the 
remodelling of apical junctions between lateral cells and between ventral posterior 
cells. This study also revealed that dorsal and lateral anterior cells produce basolateral 
protrusions in a polarized and convergent manner: dorsal cells producing flat 
lamellipodia-like protrusions towards the lateral cells and lateral cells producing deep 
amoeboid-like protrusions towards the dorsal cells. Intriguingly, this study also 
revealed that pix-1 /pak-1-dependent protrusions produced by dorsal cells tend to 
reduce the tension building between dorsal and lateral cells during early elongation. 
Importantly, these data suggest that adoption by the cells of either a pix-1 /pak-1 
(Racl-like) or let-502 (RhoA-like) program defines their morphology and behaviour 
during morphogenesis (Figure 10). Therefore, cell-autonomous antagonism between 
pix-1/pak-1 and let-502 defines cell-to-cell heterogeneity during epidermal 
morphogenesis, enabling cells to switch between programs when one of these genes 
gets genetically compromised (Figure 10B-C). pix-1/pak-1 and let-502 pathways, 
while being antagonistic at a single cell 1eve1, function in a synergistic manner when 
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considered at the organism level, presumably due to the cooperation of cells during 
elongation. 
4.5.1 The remodelling of apical junctions use either LET-502 or PIX-1/PAK-1 
The data presented in this study revealed th at PIX -1 and P AK -1 control the 
remodelling of apical junctions between dorsal an teri or cells, while LET -502 controls 
this remodelling between lateral cells. These observations are in agreement with 
previous studies showing that PIX-1 and PAK-1 control early elongation in parallel 
with LET-502 (Gally et al. , 2009; Martin et al. , 2014) and predominantly function at 
the anterior part of the embryo (Martin et al. , 2014). During D. melanogaster 
development, DPAK/PAK-1 was shown to control salivary gland lumen size through 
modulation of myosin-dependent endocytic processes (Pin·aglia et al. , 2010). A 
similar function was also reported for ROCK/LET -502 during germ-band extension 
in this organism (Bertet et al., 2004). Remodelling of apical junctions through the 
regulation ofmyosin-dependent endocytic processes by PIX-1/PAK-1 or LET-502 is 
an attractive hypothesis that needs to be tested during earl y elongation in C. elegans . 
This study also revealed that while both PIX-1 and P AK-1 control the anisotropy of 
AJM -l::GFP at the apical junctions between dorsal cells, they tend to display distinct 
molecular functions at the apical junctions between lateral cells in the absence of 
LET-502. For instance, in these later conditions, PAK-1 controls AJM-l::GFP 
anisotropy at apical junctions while PIX-1 controls AJM-l::GFP cluster density. The 
fact that PIX-1 and PAK-1 may have common and independent function during 
morphogenesis bas already been suggested (Martin et al., 2014). We cannot however 
ex elude the possibility th at PIX -1 and P AK -1 may function redundantly with genes 
that remain to be identified in lateral cells. 
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4.5.2 Basolateral protrusions may reduce the tension building at cell-cell junctions 
during morphogenesis 
Basolateral protrusions produced by epithelial cells during morphogenesis have been 
described as mo tor structures enabling directional cell movement (Heid et al. , 2001 ; 
Farooqui et Fenteany, 2005 ; Zallen, 2007). Such protrusions were shown to drive 
dorsal intercalation (Williams-Masson et al. , 1998 ; Walck-Shannon et al. , 2015) and 
ventral enclosure (Williams-Masson et al. , 1997) in C. elegans. The protrusions 
produced by dorsal and lateral cells during early elongation, identified here, are not 
associated to any notable relative displacement of these cells within the epithelium. 
Moreover, while the function of the amoeboid-like protrusions produced by lateral 
cells is unknown, pix-1 and pak-1 -dependent protrusions produced by the dorsal cells 
appear to reduce the tension applied on the vertex at the intersection of D2 and L2 
junctions (Figure 8). Mechano-coupling between epithelial cells during 
morphogenesis and its involvement in the modulation of the cell protrusive activity 
have mostly been described during collective migration of epithelial cells (reviewed 
by (Mayor et Etienne-Manneville, 2016). Mechano-biology studies recently revealed 
that forces at the cell-cell junctions or cell-bead contact are counterbalanced by 
traction forces biased away from this interface (Liu et al., 2010 ; Maruthamuthu et 
al. , 2011 ; Weber et al., 2012). In the current system, D2 and L2 are remodelled by 
either PIX-1 /PAK-1 or LET-502-dependent mechanisms aiming to shrink: junctions 
in two opposite directions. We hypothesize th at PIX -1/P AK -!-dependent protrusions 
generate traction forces at D2/L2 vertex in the opposite direction than forces 
produced by PIX-1/PAK-1 pathway controlling D2 shrinking. Forces produces by 
these protrusions may consequently reduce the tugging forces applied to this vertex 
(Figure 8B). Supporting the involvement of PIX-1 in this process, P-PIX/PIX-1 has 
been identified as a mechanotransducer in both mammals and C. elegans (Kuo et al. , 
2011 ; Vicente-Manzanares et al. , 2011 ; Zhang et al., 2011 ; Plutoni et al. , 2016). P-
PIX, P AK.l complex and their partner Scribble have also been shown to shuffle 
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between apical junctions and focal adhesion complexes enabling polarized migration 
during wound-healing (Dow et al. , 2007). These data suggest that PIX-1 may have 
the required mechanosensing and mechanotransduction abilities to drive the 
formation of polarized protrusions in response to high tension/tugging forces sensed 
at the apical junctions. While attractive, this hypothesis implies the conservation of~­
PIX/PIX-1 at focal adhesions during protrusion formation. lt is, however, important 
to highlight the fact that integrins and consequently, focal adhesion complexes have 
not been involved yet in the formation of protmsions by hypodermal cells during 
epidermal morphogenesis in C. elegans . 
4.5.3 Bistable behavior of RhoA-like and Rac1-like programs defme cell-to-cell 
heterogeneity during epidermal morphogenesis 
Double-negative feedback loops resulting from mutual inhibition can lead to 
bistability (Kholodenko, 2006). A bistable system, such as that involving the mutual 
inhibition between Racl and RhoA can flip between two biochemical processes and · 
can promote different cellular phenotypes (Jilkine et al., 2007 ; Symons et Se gall, 
2009 ; Tsyganov et al. , 20 12). It also allows the cell to make a discrete decision when 
exposed to environmental fluctuation while ensuring robustness of the cellular 
behavior (Byrne, 2016). Bistability of Rac1 /RhoA system allows the mutually 
exclusive activation of Rac 1 and RhoA during cell migration and organogenesis 
(Jilkine et al. , 2007 ; Pertz, 2010 ; Guilluy et al. , 2011 ; Semplice et al., 2012). It was 
also proposed to control morphological changes of isogenic populations of BG-2 D. 
melanogaster cells (Sailem et al. , 2014). Interestingly, in carcinoma cells, the mutual 
inhibition of Racl and RhoA controls the morphological switch enabling cells to 
migrate using either lamellae formation (Racl program) or amoeboid migration mode 
(RhoA program) (Ohta et al., 2006 ; Saito et al. , 2012 ; Nakamura, 2013). Altogether, 
these studies are consistent with data reported here showing that cells produce either 
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lamellipodia-like protrusion m a PIX-1/PAK-1-dependent matmer or produce 
amoeboid-like protrusions in a LET-502-dependent marmer. 
Several mechanisms involving regulators and effectors of RhoA and Rac1 have been 
involved in the mutual inhibition of these GTPases as reviewed by Guilluy et al. 
(Guilluy et al. , 2011) . Data presented here suggest that PIX-1 , PAK-1 and LET-502 
control Rac 1/RhoA bistability during embryonic elongation. In the absence of PIX -1 
or PAK-1 , LET-502 partially restores apical junction remodelling between dorsal 
cells. The partial compensation provided by LET-502 in tbese conditions suggests 
that PIX-1 and PAK-1 may only partially contribute to the inhibition of LET-502 
function in dorsal cells. The RH0-1/LET-502 pathway being inbibited in these cells 
by the RH0-1-specific GTPase-activating protein (GAP) RGA-2 (Diogon et al. , 
2007), these data suggest that PIX-1 and PAK-1 may either activate RGA-2 in a 
redundant marmer with genes that remain to be identified or may inhibit RH0-1-
specific GEFs as shown for PAK1/PAK-1 in severa! system (Alberts et al. , 2005 ; 
Rosenfeldt et al. , 2006). In this la ter case, RH0-1 specifie GEFs may be activated in 
dorsal cells in the absence of PIX-1 and PAK-1 and may compete with RGA-2 
leading to moderate RH0-1 activation (Figure 10 D). The cunent study also suggests 
that LET -502 inhibits PIX-1 and P AK-1 in the lateral cells during earl y elongation. 
ROCK/LET-502 and ~-PIX!PIX- 1 have already been involved in RhoA-dependent 
inactivation of Racl in mammalian cells; ROCK function, displacing ~-PIX from 
focal adhesion complex during junction maturation (Kuo et al. , 2011 ; Vicente-
Manzanares et al. , 2011). The limited ability of PAK-1 to fully restore apical 
remodelling between lateral cells in let-502(RNAi) animais, may be due to the lower 
ability of P AK -1 to phosphorylate myosin-light chain or to its inability to inhibit 
MEL-11 (Piekny et al. , 2003 ; Gally et al. , 2009 ; Martin et al. , 2014), both resulting 
to an expected reduced level of myosin contraction at apical junctions. 
Tak:en together, these data suggest that epithelial cells can adopt either RhoA or Racl 
morphogenetic programs which are associated to morphological distinctive propetiies 
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while being fully polarized, cohesive and cooperative during morphogenesis . These 
are quite novel and provocative results that could explain the evolutionarily 
conserved cell-shape heterogeneity observed in animais and plants epitbelia. This 
study also suggests that morpbogenetic processes should be characterized at a single 
cell level, in order to assess whether cell-to-cell heterogeneity during epithelial 
morphogenesis is a specifie characteristic of C. elegans hypoderrnis or an 
evolutionarily conserved characteristics of epithelial cell types. 
4.6 Methods 
4.6.1 Strains and Cultme Methods 
Control N2 (wild type 1 wt) and other animais were maintained using standard culture 
conditions at 20°C (Brenner, 1974). Worm strains carrying the following mutations 
and markers: pix-l(gk416) X, pak-l(ok448) X,jc!sl [ajm-l ::GFP + unc-29(+) + rol-
6(sul006)] IV and mc!s40 [lin-26p::ABDvab-JO: :mcherry + myo-2p::gfp] and unc-
119(ed3) were obtained from the Caenorhabditis Genetic Center (CGC). Mutant 
strains were backcrossed at !east three times against wt animais prior to analysis. 
Strain carrying let-502(sbll8) 1; jc!sl [ajm-l ::GFP + unc-29(+) + rol-6(sul006)] 
IV, nmy-2(nel490ts),jc!sl [ajm-l :: GFP + unc-29(+) + rol-6(sul006)] IV were 
provided by Dr Alisa Piekny (Concordia University, Montreal, Canada). jc!sl [ajm-
J::GFP + unc-29(+) + rol-6(sul006)] IV; mc!s40 [lin-26p: :ABDvab-JO::mcherry + 
myo-2p::gfp] was generated after crossing mc!s40 [lin-26p::ABDvab-JO::mcherry + 
myo-2p::gfp] males with jc!sl [ajm-l: :GFP + unc-29(+) + rol-6(sul006)] IV 
hermaphrodites. pix-l(gk416) X, jc!sl [ajm-l ::GFP + unc-29(+) + rol-6(sul006)] 
IV; mc!s40 [lin-26p::ABDvab-l O::mcherry + myo-2p::gfp] andpak-J (ok448)X,jc!sl 
[ajm-l::GFP + unc-29(+) + rol-6(sul006)] IV; mc!s40 [lin-26p::ABDvab-
JO::mcherry + myo-2p::gfp] were generated after crossingjcJsl [ajm-l ::GFP +une-
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29(+) + rol-6(su1006)} IV; mcls40 [lin-26p::ABDvab-10: :mcherry + myo-2p::gfp] 
hennaphrodites with pix-1 (gk416) X or pak-1 (ok448) X males. unc-119(ed3); jcls1 
[ajm-1: :GFP + unc-29(+) + rol-6(su1006)] IV was generated by crossing unc-
119(ed3) hermaphrodites withjcis1 [ajm-1 ::GFP + unc-29(+) + rol-6(su1006)] IV 
males. 
4.6.2 Generation ofTransgenic animals 
unc-119(ed3); sajis50 [lin-26p::KAEDE + unc-119R] animais were generated by 
biolistic bombardrnent. Expression vector used to generate this transgene was 
generated using multisite gateway technology (Invitrogen). pCG 150 destination 
vector (Addgene) was recombined with a pDONRP4P1R vector containing 5kb of the 
lin-26 promoter (lin-26p) (Ma1iin et al., 2014), a pDONR201 containing the coding 
sequence for KAEDE protein amplified from Kaede-N1 (Addgene) and a pCM5.37 
containing the une-54 3 'UTR (Addgene). This construct was used to generate 
transgenic animais by biolistic bombardment of unc-119(ed3) strain, using a PDS-
1000/He system with the Hepta adaptor (Bio-Rad) as previously done (Ma1iin et al., 
2014).Transgenic animals expressing AJM-1 ::GFP together with KAEDE were 
obtained through crossing unc-119(ed3); jcls1 [ajm-1::GFP + unc-29(+) + rol-
6(su1006)] IV hermaphrodites with unc-119(ed3); sajls50 [lin-26p::KAEDE + unc-
119RJ males . 
4.6 .3 RNA interference treatment 
pL4440 construct containing let-502 coding sequence were retrieved from the 
Genome-wide library (Kamath et Ahringer, 2003) and confirmed by sequencing. 
HT 115 bacteria transformed with pL4440 vectors were plated on LB ampicillin 
(30!-lg/ml) - tetracyclin (30!-lg/ml) and grown overnight at 37"C. The next day, 
isolated colonies ofHT115 clones were picked and gown overnight in LB ampicillin 
175 
(30!-lg/ml) . RNAi expression was induced by IPTG (301J.g/ml) during 1 hour at 3TC. 
7001J.l of bacterial culture were pelleted and resuspended in 3001J.l S-Basal- ampicillin 
(301J.g/ml) - IPTG (301J.g/ml) and put in a 24-well plate. 150-200 Ll worms 
synchronized through hypochlorite treatment were resuspended in 2001J.l S-Basal and 
incubated with 300!-ll of induced bacterias at 2o·c for 48-60 hours before proceeding 
to microscopy analysis . 
4.6.4 Measurement of cell-cell junction deformation 
Images used to measure membrane defonnation were captured using a Nikon AIR 
confocal microscope equipped with 60 X oïl CFI NA 1.4 Plan Apochromat À 
objective. 60 Z-planes (define the top and the bottom to record throughout the entire 
embryo) were acquired per embryo with a calibratiOn of 0.12 IJ.Inlpixel and a Z-step 
of 0.4 IJ.m. Z-stacked were captured at the beginning of the early elongation (to) and 
after 15 to 20 minutes making sure that the last recording was done before the 
beginning of late elongation - considered as the time-point when body wall muscles 
start to contracting. Deformation of cell-cell junction was measured using Vaa3D 
software (Peng, Ruan, Long, et al. , 2010). To do so, Z-stack acquisitions were 
resampled using a 0.3 factor in order to obtain cubic voxels (0.12 x 0.12 x 0.12 IJ.m) 
enabling accurate measurement of cell-cell junctions using the 3D reconstruction of 
image stacks. Cell-cell junction lengths at to (Lo) and after 15 to 20 min (Lenct) were 
measured (in pixel) between each vertex identified in the 3D reconstruction. The 
defonnation rate (DR) of a junction x in a mutant m was computed as follow: DRx1m 
= (Lenct-Lo)/(tenct-to) . With DRxlwt being the deformation rate of the junction x in wild-
type embryos, we calculated the relative deformation rate (RDR) of junction x in the 
mutant m as follow: if both DRx1wt and DRx1m are positive or negative, RDRx1m = 
llog(DRx1m 1 DRx~wt) l 
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if (DRx1wt > 0 and DRx1m < 0), or (DRx1wt < 0 and DRx1m > 0) : RDRx!m = llog(IDR 111 
DRx~wtl 1 IDRx~wtDI - RDR is assigned a negative value if junction x is shorter in rn than 
in wt and a positive value otherwise. 
4.6.5 Measurement of AJM-1 ::GFP Anisotropy 
Acquisitions recorded for membrane deformation were also used to measure AJM-
1: :GFP anisotropy. ImageJ software was used to generate a Z-projection of 15-20 
upper stacks. Fluorescence intensity plot profiles were drew for each cell-cell 
junction between vertices using the segmented li ne tool. The minimum (lmin) and 
maximum (lmax) of intensity were thus extracted from these profiles for each 
junction and the anisotropy (A) of AJM-l::GFP accumulated at this junction was 
computed as previously reported Engl et al. , 2014: 
A = !max / !min 
4.6.6 Measurement of protrusion surface, spreading and polarity 
Image acquisitions to measure protrusions fonnation by hypodennal cells were done 
on wt and mutant anirnals expressing jclsl[ajm-l::GFP + unc-29(+) + rol-
6(su1006)] IV; mcls40[lin-26p::ABDvab-JO::mcherry + myo-2p: :gfp] embryos using 
both Nikon A1R confocal and swept-field confocal microscopes with a 100X oil CFI 
NA 1.45 Plan Apochromat À objective. The Nikon AlR confocal was used to 
photobleach F-actin binding probe in cells surrounding the cell of interest. 
Photobleaching used several stimulations at 100% power efficiency of 488nm and 
561nrn laser. F-actin binding probe and AJM-1: :GFP were th en recorded in 
unbleached cells using the swept-field confocal microscope by capturing 15 Z-planes 
with 0.400 fllTI Z-intervals every 40 seconds for 7 minutes (for protrusions produced 
by the lateral cells towards the dorsal cells) or for 20 minutes (for protrusions 
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produced by dorsal and ventral cells towards the lateral cells) . The length of the 
protrusions formed by the dorsal cells was measured using ImageJ software, as well 
as the length of the cell-cell junction between Dl /Ll and D2/L2 ve1iices. The 
spreading rate of the protrusions produced by dorsal cells was then calculated as the 
length of protrusions versus the length of the measured cell-cell junctions. 
Considering the peculiar morphology of the amoeboid-like protrusion produced by 
the lateral cells, we measured the surface covered by this protrusion on a Z-projection 
of the image stack as shown in Figure 7. The spreading rate of the protrusion 
produced by dorsal cells was measured for 24 time points per embryos for four 
different embryos. The surface of protrusions produced by lateral cells was measured 
for 9 time-points per embryo for five different embryos. 
To measure the polarity/distribution of the protrusions produced by the dorsal cells, 
we divided the cell-cell junction located between de Dl/Ll and the D2/L2 ve1iices in 
ten equal sections. We identified the presence of the protrusion at each section for 24 
different time points for four different embryos. We subsequently computed the 
distribution as the percentage of positive events per measurement per section as 
indicated in Figure S5. Fisher equal test ( computed using R statistical tools, 
Bioconductor) was used to assess how surprising it is to witness a reduction or an 
increase of the distribution of protrusions at a given section for a given mutant when 
compared to wt embryos. 
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Figure 4.1 : Hypodermal cells follow different morphogenetic programs during 
early elongation. 
Radar graph representing deformation of (A) transversal and (B) longitudinal cell-cell 
junctions identified in AJM-1: :GFP and V AB-1 O(ABD): :mCherry expressing 
embryos. Groups of junctions are identified using color code (upper panel). Antero-
posterior orientation of the embryo is indicated in the rose-graph (left to right) . Cell-
cell junctions between dorsal (D), lateral (L) and ventral (V) hypodermal cells are 
respectively located at the top, middle and bottom parts of the graph. The zero value 
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con·esponding to junctions with invariant size is indicated by a grey line on rose 
graph. Positive and negative deformation rates (elongation or shrinking of the 
junctions) are represented towards the exterior and the interior of the graph 
respectively. N are the nurnber of embryos analyzed. (C) Defonnation rates (DR) of 
the junctions are indicated using artificial color gradient. White junction display 
constant length, red are shrinking junctions and blue are elongating junctions. (D) DR 
are indicated for junctions between dorsal (D 1-2), lateral (L 1-3) and ventral cells 
(Vl -3). ND: not determined; ns: not significant; significant T-test p-values (*) are 
indicated within brackets. 
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Figure 4.2 : let-502 and pix-1/pak-1 control the morphogenesis of different sets of 
hypodermal cells during early elongation. 
Radar graph representing the deformation of cell-cell junctions in (A) let-
502(sb118ts) , (B) let-502(RNAi), (C) pix-J(gk416) and (D) pak-l(ok448) embryos 
expressing AJM-1 ::GFP and VAB-10(ABD)::mCherry. Average defonnation rates 
(DR) of groups of transversal and longitudinal junctions are indicated on the left and 
in the middle respective1y. Relative defonnation rates (RDR) compared than wt are 
indicated for each individual junctions on the right. Junction located at the anterior 
part of the embryo are located at the left of the graph, junctions between dorsal (D) at 
the top, lateral (L) in the middle and ventral (V) at the bottom. The nul! DR is 
represented by thin grey line in the graphs. Positive DR (elongation) are indicated 
towards the exterior of the radar, and a negative values (shrinking) towards the center. 
DR for wt embryos are represented by a thick grey line. Blue triangles correspond to 
DR significantly different than observed for wt embryos. N conesponds to the 
number of analyzed embryo. ND: not detennined; significant T-test p -values are 
indicated within brackets. 
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Figure 4.3 : AJM-l: :GFP anisotropy is indicative of the levet of myosin-
dependent cell-cell j unction remodelling. 
(A) Z-projections of confocal images of AJM-l::GFP expressed in wt and nmy-
2(nel490ts) at l8°C or 25°C. Locations of the enlarged image (right panel) are 
indicated by a white box. Scale bar = 1 Ûj..lm. (B) Scatter plot ex pressing the average 
defonnation rates (DR) of transversal junctions between lateral cells in j..lm/min with 
respect to the average AJM-l::GFP anisotropy measured for these junctions. The 
Speannan cotTelation test (R) is indicated as well as the conesponding p-value. (C) 
AJM-l::GFP anisotropy of lateral anterior Ll , L2 and L3 junctions in ajm-l: :GFP; 
vab-JO(ABD)::mCh (wt) and in nmy-2(nel490ts); ajm-l::GFP embryos at l8°C or 
25 °C. Significant T -test p-values are indicated within brackets. 
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let-502 and pix-1/pak-1 control the remodelling of the apical 
jonctions of lateral and dorsal cells respectively. 
Mean of AJM-l::GFP anisotropy measured for junction between (A) dorsal, (B) 
lateral and (C) ventral anterior cells in wt, let-502(RNAi), pix-l(gk416) and pak-
1 (ok448) embryos expressing AJM-l::GFP and V AB-lO(ABD)::mCherry. Error-bars 
indicate the standard error of the mean. N corresponds to the number of embryos 
analyzed. Significant T -test p-values are indicated within brackets. * indicate T -test 
p-value significantly different than wt and # T -test p-value significantly different 
between Ll and L2 junctions in wt. 
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Figure 4.5 Hypodermal cells produce convergent protrusions during early 
elongation. 
(A) Lamellipodia-like and (B) amoeboid-like protrusions produced by dorsal and 
lateral cells respectively observed m AJM-1: :GFP (green) and V AB-
lO(ABD)::mCherry (red) expressing embryos. Location of the enlarged images is 
indicated by a white box. They also correspond to time-lapse images with two-
minutes intervals. (C) Z-projection of embryos expressing AJM-l ::GFP (green) and 
Kaede (red) in hypodermal cells. Location of enlarged imaged are indicated by a 
white box. (D) 3-dimensional reconstruction of embryos expressing AJM-l::GFP 
(left) and Kaede (right) viewed from the ZY plan. The Z-depth is represented by 
artificial color from surface (0 1-UTI, red) to 4 !J.m depth (green). Arrow indicates cell 
body and arrowhead indicates the head of the protrusion. (E) Time lapse recording of 
AJM-l::GFP (green) and Kaede (red). 
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Figure 4.6 : pix-1 and pak-1 control the formation of protrusions by dorsal 
anterior cells. 
Z-projections of confocal images and spreading rate of protrusion produced by dorsal 
cells are indicated over time (lower panel) for 3 representative (A) wt, pix-1 (gk4 1 6), 
pak-1 (ok448) and let-502(RNAi) and (B) pix-1 (gk41 6); let-502(RNAi) embryos 
expressing AJM-l::GFP (green; upper panel) and VAB-lü(ABD)::mCherry (red; 
upper panel). The dashed lines conespond to the mean of spreading rate for wt 
(black), pix-1 (gk41 6) (blue) and let-502(RNAi) (green). (C) Violin plot representing 
the distribution and average spreading rates for N embryos and n total measurements. 
(D) Antero-posterior distribution of protrusions produced by dorsal cells. The black 
line corresponds to the distribution observed in wt embryos. T -test p-value 
significantly different than wt (*), let-502(RNAi) (#)are indicated within brackets . 
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Figure 4.7 let-502 controls the formation oî protrusions by iaterai anterior 
cells. 
(A) Z-projections of confocal images and protrusion surface over time (lower panel) 
are indicated for 3 representative wt, pix-1 (gk416), pak-1 (ok448) and let-502(RNAi) 
embryos ex pressing AJM -1 : :GFP (green; upper panel) and V AB-1 O(ABD): :mCherry 
(red; upper panel). The dashed lines correspond to the mean of spreading rate for wt 
(black; A and B) and let-502(RNAi) (green; B). (B) Violin plot representing the 
distribution and average of the protrusions surfaces for N analyzed embryos and n 
analyzed protrusions. (C) Z-projections of confocal images of population (a) and (b) 
of pix-1 (gk416); let-502(RNAi) embryos. Significant T-test vs wt, p-values (*) are 
indicated within brackets. 
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Figure 4.8 : AJM-l::GFP accumulation at D2/L2 vertice is reduced in pix-1 and 
pak-1 mutants. 
(A) Schematic representation of lateral and dorsal an teri or cells, identifying junctions 
between dorsal (Dl-2) and lateral (Ll-2) cells and also the function shown for let-
502, pix-1/pak-1 at apical junction and basolateral protmsions. Dl /Ll and D2/L2 
vertices are also indicated. (B) 3D-representation of lateral and dorsal cells showing 
vertices and longitudinal junction between Hl lateral cells and dorsal 1/2 cells. 
AlTows represent direction of forces produced by machineries remodeling apical 
junction and basolateral protrusions. (C) Intensity plots of AJM: :GFP along the 
longitudinal junction between D l/Ll and D2/L2 ve1iices in wt (black line), nmy-
2(ne1490ts) at restrictive temperature 25.5C, let-502(RNAi), pix-1 (gk416) and pak-
1(ok448) . Sites of significant T-test vs wt are indicated by an arrow; p-values are 
indicated within brackets. 
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Figure 4.9 : PIX-1/PAK-1 and LET-502 are antagonistic in dorsal and lateral 
anterior cells. 
Violin plot representing the distribution and mean of AJM-l::GFP anisotropy 
measured at (A) dorsal an teri or D 1 and D2 junctions and at (B) lateral an teri or L1 and 
L2 junctions, and (C) the density of AJM-1: :GFP clusters (number of cluster per 
micrometers) measured for the lateral anterior L1 and L2 junctions in wt, let-
502(RNAi), pix-1 (gk416), pix-1 (gk416),.Zet-502(RNAi), pak-1 (gk416) and pak-
1 (gk416),-let-502(RNAi) embryos expressing AJM-l::GFP and V AB-
lO(ABD): :mCherry as well as nmy-2(ne1490ts); ajm-1::GFP at l8°C or 25°C. The 
dashed lines indicate the mean value for wt (black), pix-1 (gk416) (blue) and let-
502(RNAi) (green). (D) Schematic representation of cluster density and anisotropy for 
each strain. N: analyzed embryos. T-test p-value significantly different than wt (*) 
and let-502(RNAi) (#)are indicated within brackets. 
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Figure 4.10 : Model for Rho/Rac-like antagonism during early elongation. 
(A-C) Schematic representation of signalling pathways activated in dorsal and lateral 
cells in wild-type embryos (A), or in let-502 knock-down or mutant (B), pix-1 or pak-
1 mutants (C). Cells following a Racl-like morphogenetic program involving PIX-1 
and PAK-1 are represented in yellow and those following a RhoA-like program 
involving RH0-1 and LET -502 are represented by orange. (D) Effect of the 
Racl/RhoA antagonism on the remodelling of apical junction (left) and on basolateral 
protrusions (right). 
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Supplementary Figure 4.1 ajm-l ::GFP; vab-JO(ABD)::mCherry carrying 
embryos develop as wild-type (wt) animais. 
(A-C) Box plot representing (A) the early elongation time, (B) the length of the 
embryos at the end of early elongation and (C) the head to tail width ratio at 1.2-fold 
(Hl /Tl) and at the end of early elongation (H2/T2) in wt and ajm-l::GFP; 
abd::mCherry. Box plots represent the min, max 25th, 50th (median) and 75 th 
percentiles of the population. T-test p-values are indicated on the graph. This study 
revealed that transgenic animais expressing AJM-l::GFP and the filamentous actin 
binding probe V AB-lO(ABD)::mCherry display similar elongation rate than wt 
embryos (A). The length of transgenic and wt embryos is also similar at the end of 
early elongation - being identified when body-wall muscles start contracting (B). 
Moreover, the morphology of these embryos is similar with similar head to tail width 
ratio at the beginning (Hl /Tl) and at the end (H2/T2) of early elongation. For details 
on the method used to generate these data refer to (Martin et al. , 2014 ; Martin, 
2016). 
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Supplementary Figure 4.2 : Step-by step method to quantify junction elongation 
rate. 
Embryos were mounted on an agarose pad and observed using pin-point confocal 
microscope. Z-stacks covering the entire width of the embryos were recorder at the 
begüming of early elongation (comma stage) and after 15 to 20 minutes, being sure 
that the second measurement is made before body-wall muscle start contracting. Z-
stacks were subsequently analyzed using the Vaa3D tools . This analysis included 
resampling of images and three-dimensional (3D) reconstruction. Vaa3D linear object 
identification and measurement tools in 3D were used to measure the length of cell-
cell junction located between two identified vertices. As previously reported 3D 
measurement of cell-cell junction is more accurate than measurement of junction 
observed in Z-projections of Z-stacks (Kang et al. , 20 15). 
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Supplementary Figure 4.3 : Identification of hypodermal cells and their cell-cell 
junctions during early elongation. 
Cell-cell junctions between dorsal, lateral and ventral anterior cells are indicated in 
green, red and blue respectively. Dashed !ines represent junctions disappearing upon 
cells fusion. 
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Supplementa ry Figu re 4.4 : let-502(RNAi) -treated animais display similar 
defects than let-502(sb118ts) mutant grown at non-permissive temperature. 
(A) Arrested larvae observed for let-502(sb118ts) mutants grown at 25.5°C and let-
502(RNAi)- treated animals grown at 20°C upon DIC illumination (B) Percentage of 
embryonic Jethality (Emb %) and Jarval anest (Lva %) in let-502(sbl 1 8ts) and let-
502-(RNAi). (C) Bar graph representing length of larvae in wt, let-502(sbl 18t) and 
let-502-(RNA i). T-testp- value < 0.05. 
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Supplementary Figure 4.5 : Method to quantify the distribution of protrusion 
along the junction between Dl/Ll and D2/L2 vertices. 
Briefly, the cell-cell junctions located between the D 1/L1 and the D2/L2 vertices 
were divided in ten equal sections. The presence of the protrusion was identified for 
each section at 24 different time points for four different embryos. We subsequently 
computed the distribution as the percentage of positive events (L:) per measurement 
per section (N), and plotted this distribution (bottom grapb). A Fisher equal test 
( computed using R statistical tools, Bioconductor) was used to assess how surp1ising 
it is to witness a reduction or an increase of the distribution of protrusions at a given 
section for a given mutant when compared to wt embryos. 
CHAPITRE V 
DISCUSSION 
5.1 L'élongation embryonnaire précoce, un modèle remanié 
La morphogenèse est essentielle au développement des organismes multicellulaires. 
Ce mécanisme dépend d 'évènements cellulaires variés tels que le changement de 
fom1e des cellules, l 'adhésion et la migration cellulaire. Ici, nous étudions une étape 
précise de la morphogenèse de l'épiderme du C. elegans, l 'élongation embryonnaire. 
Celle-ci transfonne un embryon ovoïde en une larve vermiforme et est divisée en 
deux étapes, l'élongation précoce et tardive. Nous nous intéressons spécifiquement à 
la phase précoce de l'élongation. A l'entame de ce travail de thèse, le modèle est tel 
que l'élongation précoce est menée par la contraction du système actine-myosine au 
pôle apical des cellules latérales de 1 'hypoderme tandis que les cellules dorsales et 
ventrales se trouvent dans un état relâché (Priess et Hirsh, 1986 ; Chisholm et Hardin, 
2005 ; Diogon et al. , 2007 ; Zhang et al. , 201 0). Il est également admis que toutes les 
cellules d'un même groupe cellulaire (dorsal, latéral ou ventral) se comportent de 
façon similaire le long de 1 'axe antéro-postérieur. Il est aussi montré que la 
contraction de la myosine est régulée par la phosphorylation de MLC-4/MLC via 
trois kinases, LET-502/ROCK (effecteur de RH0-1/RHOA), MRCK-1/MRCK 
(effecteur de CDC-42), PAK-1/PAKl (effecteur de CDC-42 et des RACs), et une 
phosphatase MEL-11/MYPT (Wissmann et al. , 1997 ; Wissmann et al., 1999 ; 
Piekny et al. , 2000 ; Piekny et al., 2003 ; Gally et al., 2009). Ces acteurs s'organisent 
en deux voies parallèles : une voie MEL-11 /LET-502 impliquant également MRCK-
1/MRCK, et une voie P AK -1 qui est très peu décrite (Piekny et al. , 2000 ; Gall y et 
al. , 2009). 
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Dans le chapitre II (Martin et al. , 2014 ), nous avons montré que la GEF spécifique de 
Racl et Cdc42 PIX-1/~-PIX contrôle l'élongation embryonnaire précoce dans la 
même voie que PAK-1 , en parallèle de la voie MEL-11 /LET-502. Spécifiquement, 
les études d'interaction génétique ont montré que pix-1 agit à la fois dans la voie pak-
1 en parallèle d'un gène qui n'a pas encore été identifié, et également 
indépendamment de pak-1 en amont de mel-Il (Table 2.2). Par ailleurs, nous avons 
développé des méthodes pennettant l 'analyse de la morphologie des embryons afin de 
caractériser plus précisément les défauts d 'élongation observables à ce stade. Nous 
avons ainsi mis en place la mesure de la largeur de la tête, de la queue et du ratio 
tête/queue des embryons, la longueur des embryons à la fm de l'élongation précoce, 
et la longueur des larves L1 ; et cela pour les animaux sauvages (wild-type) et 
mutants . Ces méthodes d'analyse font d'ailleurs l 'objet d'un m1icle de méthode 
retrouvé dans le chapitre III (Martin et al., 20 16). La mesure du ratio tête/queue a 
pem1is de mettre en évidence une différence significative entre les voies pix-1/pak-1 
et mel-11/let-502 le long de l'axe antéro-postérieur de l'embryon (Figure 2.2) . Nous 
montrons en effet que pix-1 et pak-1 régulent principalement la réduction de la 
largeur de la tête alors que let-502 contrôle la réduction de la largeur de la tête et de la 
queue. Notre étude révèle également que PIX-1 ::GFP est retrouvée plus faiblement 
dans les cellules dorsales postérieures de 1 ' hypoderme comparée aux autres cellules 
de l' hypodem1e (Figure 2.5). Cela implique un débalancement antéro-postérieur et 
dorso-ventral dans l ' accumulation de cette protéine, et probablement dans la 
régulation de l'élongation précoce. Nous montrons enfin que le niveau 
d'accumulation de PIX-l::GFP dans les cellules dorsales postérieures de l ' hypoderme 
doit être finement régulé et maintenu faible pour pennetn·e une vitesse d'élongation 
optimale dans les animaux sauvages . Une expression élevée de PIX-l::GFP dans ces 
cellules nuit en effet à la morphogenèse correcte de l'embryon (Figure 2.6). Cette 
étude suggère donc qu ' au cours de l'élongation précoce, let-502 régulerait les forces 
de contraction permettant la réduction de la circonférence de l'embryon de façon 
homogène le long de l'axe antéro-postérieur, alors que la voie pix-1/pak-1 
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contrôlerait principalement les forces appliquées sur la partie antérieure de 
l 'embryon. De plus, cette étude suggère qu'il est nécessaire de faire une distinction 
entre la partie antérieure - la tête - et la partie postérieure - la queue - de l'embryon 
lorsque l'on considère les processus morphogéniques contrôlant l'élongation précoce. 
Ces résultats modifient donc le modèle moléculaire de l'élongation précoce 
considérant que toutes les cellules d'un même groupe cellulaire (dorsal, latéral ou 
ventral) se comportent de façon similaire le long de l'axe antéro-postérieur (Zhang et 
al., 2010). 
Afin de mieux caractériser le rôle de chacune des deux voies - let-5 02 et pix-1 /pak-1 
- contrôlant l'élongation précoce, nous avons mis au point une caractérisation des 
animaux sauvages et mutants à l'échelle cellulaire. Dans le chapitre IV, nous avons 
utilisé ces paramètres pour cartographier l'activité et la fonction de let-502, pix-1 et 
pak-1 au cours de l'élongation précoce (Martin et al., soumis à JCB). Cette étude 
révèle que pix-1 et pak-1 sont impliqués dans le remodelage des jonctions apicales 
des cellules dorsales antérieures (Figure 4.2 et 4.4) , confinnant ainsi le rôle de la voie 
pix-1/pak-1 au niveau de la tête de l'embryon (Martin et al., 2014). Cette étude 
modifie le précédent modèle qui suggérait que les filaments d 'actine-myosine situés 
au pôle apical des cellules dorsales et ventrales de l'embryon étaient soumis à un 
niveau de contraction équivalent, plus faible que celui des cellules latérales (Gally et 
al. , 2009 ; Zhang et al., 2010). Nous montrons que let-502 contrôle le remodelage des 
jonctions apicales des cellules latérales tout au long de l 'axe antéro-postérieur (Figure 
4.2, 4.4), ce qui est en accord avec le rôle connu de let-502 (Piekny et al., 2000 ; 
Gally et al., 2009 ; Martin et al., 2014). Il est à noter que let-502 contrôle aussi le 
remodelage des jonctions apicales des cellules ventrales postérieures (Figure 4.2) ; un 
rôle nouveau mais loin d'être surprenant compte tenu du repliement de l'embryon à 
ce niveau. Nous montrons également que les cellules dorsales et latérales antérieures 
de l'hypoderme produisent des protrusions basolatérales polarisées (Figure 4.5). En 
effet, les cellules dorsales émettent des protrusions de type lamellipode vers les 
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cellules latérales, et les cellules latérales produisent des protmsions de type amiboïde 
vers les cellules dorsales. Nous remarquons également que la fonnation et la 
distribution des lamellipodes issus des cellules dorsales sont dépendantes de la voie 
pix-1/pak-1 (Figure 4.6), et que ces lamellipodes pourraient réduire la tension exercée 
à la jonction apicale entre les cellules dorsales et latérales (Figure 4.8). De plus, nous 
montrons que les protrusions de type amiboïde sont régulées, au moins en partie, par 
la voie let-502 (Figure 4.7) . Cette étude révèle donc que, pour contrôler le 
remodelage des jonctions apicales et la formation des protmsions basolatérales, les 
cellules peuvent adopter une voie de signalisation pix-1 /pak-1, ce que nous nommons 
programme de type « Racl », ou alternativement, une voie de signalisation 
impliquant let-502 , programme morphogénique que nous nommons « RhoA ». 
L'adoption d'un de ces programmes par la cellule définit son comportement et sa 
morphologie au cours de l'élongation (Figure 4.10). Enfin, nous montrons que la 
dominance cellulaire d'un programme, Racl ou RhoA, est contrôlée par 
l'antagonisme entre pix-1/pak-1 et let-502. Un tel antagonisme entre un programme 
Racl et un progratrune RhoA est reh·ouvé dans divers processus morphogéniques 
(Simoes et al. , 2006 ; Parri et Chiamgi, 20 10 ; Pe11z, 20 10 ; Chauhan et al. , 2011 ; 
Guilluy et al. , 2011 ). Par ailleurs, bien que ces deux voies soient antagonistes au 
niveau de chaque cellule, elles restent tout de même redondantes lorsque l' on 
considère l'élongation précoce au niveau de l'organisme (Martin et al, soumis à 
JCB). En effet, lorsque la voie principale est mutée - RhoA dans les latérales et Racl 
dans les dorsales - , la seconde s'active et est capable de prendre le relai. La voie PIX-
1/PAK-1 semble cependant moins efficace que la voie RH0-1/LET-502 
lorsqu 'activée dans les cellules latérales, ce qui explique que des défauts sont 
observables en absence de LET-502 (Wissmann et al., 1997 ; Piekny et al., 2000 ; 
Gally et al. , 2009 ; Martin et al. , 2014). D'autre part, l'activation de LET-502 est 
seulement pat1ielle dans les cellules dorsales en absence de PIX -1 ou P AK -1 (Figure 
4.6 et 4.8), probablement due à la persistance de l' inhibition de RH0-1 par RGA-2 
dans ces cellules (Diogon et al. , 2007). 
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Figure 5.1 : L'élongation embryonnaire : un modèle revisité. (A) Répartition des voies de 
signalisation dont l'implication dans l'élongation précoce est démontrée (rho-1/let-502 etpix-
1-pak-1) ou supposée (mrck-1) . Cette répmtition tient compte de la mesure de rétrécissement 
des jonctions. (B) Modèle moléculaire de l'élongation embryonnaire précoce en fonction de 
ce qui a été démontré dans la littérature et dans notre travail (protéines et signalisation 
démontrées dans la légende), et de ce qui est discuté dans le présent chapitre (protéines 
supposées et signalisation hypothétique dans la légende) . 
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Ce travail de thèse confirme une pmiie des hypothèses issues des études précédentes 
sur l'élongation embryonnaire précoce du C. elegans. En outre, il apporte des 
modifications majeures au modèle précédemment accepté, due principalement au 
développement de nouvelles méthodes permettant une analyse spatiale plus précise 
du site d'activation des voies de signalisation contrôlant l'élongation embryonnaire 
(Figure 5.1 ). Cette étude soulève de nouvelles questions sur les mécanismes 
moléculaires contrôlant cette étape de la morphogenèse. Nous allons explorer 
ce1iaines d'entre elles dans les sections suivantes. 
5.2 Le développement de nouvelles méthodes pour une caractérisation plus 
approfondie de l'élongation précoce et de la morphogenèse 
Au commencement de ce travail , les seules méthodes utilisées pour caractériser les 
défauts de morphogenèse étaient la mesure du pourcentage de létalité embryonnaire 
(Emb) et des larves arrêtées au stade larvaire L1 (Lva), ainsi que la mesure de la 
longueur de ces larves comparée à celle des animaux sauvages (Wissmann et al. , 
1997 ; Wissmann et al., 1999 ; Piekny et al. , 2000 ; Diogon et al. , 2007 ; Gall y et aL. , 
2009). Ces méthodes ne pennettaient cependant pas une analyse spatiotemporelle des 
mécanismes de signalisation contrôlant la morphogenèse. Dans le but de mieux 
décrire l'élongation embryonnaire précoce, nous avons donc mis au point une série de 
méthodes permettant la caractérisation des évènements morphogéniques des animaux 
sauvages et mutants au niveau de la tête et de la queue de 1 'embryon (Martin et al. , 
2014 ; Martin et al., 2016), et au niveau de chaque cellule de l'hypodenne (Martin et 
al., soumis à JCB). Les méthodes, permettant l ' analyse de l' élongation embryonnaire, 
utilisées lors de notre étude publiée en 2014 dans PLoS ONE ont fait l'objet d'un 
article vidéo publié dans JoVE (Martin et al. , 2016). Les protocoles décris dans cet 
article pem1ettent de mesurer le ratio tête/queue, la longueur des embryons à la fin de 
l'élongation précoce, et la mesure à grande échelle de la longueur des larves aiTêtées 
en utilisant la cytométrie en flux. La caractérisation à l'échelle cellulaire est, elle, 
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basée sur: (i) la mesure de l'élongation et du rétrécissement des membranes de 
chacune des cellules de l 'hypoderme en utilisant le programme Vaa3d. Ce 
programme a initialement été développé pour visualiser et mesurer les neurites dans 
des sections de tissus nerveux à partir de reconstructions tridimensionnelles des 
réseaux neuronaux (Peng, Ruan, Atasoy, et al. , 20 1 0 ; Peng, Ruan, Long, et al., 
2010). Cette approche pennet de mesurer la longueur des jonctions apicales entre les 
cellules de 1'hypodenne au cours de l' élongation à partir d'une reconstruction 
tridimensionnelle des embryons. Ainsi que démontré pour un autre stade de 
développement, via l'utilisation d'une méthode analogue, cette approche est plus 
précise qu'une mesure des jonctions à partir d'une projection 2-dimensions qui sous-
estime les différences réelles (Kang et al. , 2015). (ii) L'anisotropie des protéines 
jonctimmelles qui traduit la tension appliquée à la membrane apicale des cellules, 
comme précédemment montré dans un système mammifère (Engl et al. , 2014) et 
démontré dans notre système (Martin et al. , soumis à JCB). (iii) La densité de cluster 
de protéines jonctionnelles correspondant au nombre de cluster par micromètre de 
jonction, et dont la méthode est adaptée d'une autre étude effectuée dans notre 
laboratoire et à laquelle j'ai participé (Ouellette et al. , 2015 ; voir Annexe C) ; et (iv) 
la formation et la distribution des protrusions basolatérales, en mesurant la surface 
des protrusions via une méthode adaptée de Sheffield et al. , 2007 et Ouellette et al. , 
2015. Ces différents paramètres feront prochainement l'objet d 'un article de méthode 
décrivant étape par étape la marche à suivre pour l 'acquisition et l'analyse des 
images. Ces méthodes de mesure d'anisotropie et de longueur de jonctions au niveau 
cellulaire au sein d'un tissu sont de plus en plus utilisées dans les études portant sur la 
morphogenèse, notamment chez la drosophile (Rauzi et al. , 2008 ; Rauzi et al. , 2010 ; 
Levayer et Lecuit, 2013 ; Sugimura et Ishihara, 2013 ; Kasza et al. , 2014 ; Collinet et 
al. , 2015). 
Les résultats obtenus lors de nos études démontrent la nécessité de développer de 
nouvelles méthodes d'analyse permettant de décrire les mécanismes de signalisation 
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contrôlant la morphogenèse des épithéliums au niveau de chaque cellule, plutôt que 
de considérer les populations de cellules en culture ou au sein d'un même tissu 
comme un ensemble d'éléments se comportant de façon similaire. Bien que les 
analyses effectuées sm les processus de morphogenèse des épithéliums de la 
drosophile, particulièrement ceux impliqués dans l'extension de la bandelette 
germinative, utilisent des outils d'imagerie caractérisant le remodelage des jonctions 
(Rauzi et al., 2008 ; Rauzi et al. , 2010 ; Levayer et Lecuit, 2013 ; Collin et et al. , 
2015), une potentielle hétérogénéité du comportement des cellules dans ces systèmes 
n'a pas encore été abordée. 
5.3 L'antagonisme Rho-Rac dans les cellules dorsales et latérales de l'hypoderme 
Dans cette étude nous monh·ons que le programme Racl , composé de PIX-1 /~-PIX et 
PAK-l/PAK1 , est antagoniste au programme RhoA, impliquant LET-502/ROCK, et 
que l'un ou l'auh·e de ces programmes est actif dans des sous-groupes cellulaires 
distincts . 
Dans les cellules dorsales, nous montrons que LET-502 compense partiellement 
1' absence de PIX -1 et P AK -1. Cela suggère que PIX -1 et P AK -1 contribue, au moins 
en partie, à l' inhibition de la fonction de LET-502 dans ces cellules. Il a été montré 
que la voie RH0-1/LET-502 est inhibée par la GAP spécifique de RH0-1 , RGA-2 
(Diogon et al. , 2007). Il est donc possible que PIX-1 et PAK-1 activent RGA-2 en 
parallèle d 'un gène qui reste à identifier. Comme décrit dans la discussion du chapitre 
IV, une autre possibilité permettant d ' expliquer nos résultats est que la voie PIX-
1/PAK-1 inhibe une GEF spécifique de RH0-1 , corrune déjà montré pom 
PAK1/PAK-1 dans d' autres modèles (Alberts et al. , 2005 ; Rosenfeldt et al. , 2006). 
Dans ce cas ci, en absence de PIX-1 ou PAK-1 , cette GEF serait activée dans les 
cellules dorsales et entrerait en compétition avec RGA-2 , provoquant une activation 
modéré de RH0-1 (Figure 5.1) . 
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Dans les cellules latérales, nous montrons par contre que LET-502 inhibe l'activité de 
PIX-1 et PAK-1. Dans la discussion du chapitre IV, nous émettons l 'hypothèse que 
LET-502 pourrait entrainer la relocalisation de PIX-1 , et ainsi inhiber son activité tel 
que montré au niveau des adhésions focales de cellules mammifères en culture (Kuo 
et al. , 2011 ; Vicente-Manzanares et al., 2011). Cependant, une voie alternative 
pourrait être envisagée. Nous savons que ROCK est capable d ' inhiber l 'activité de 
Racl via la régulation de FilGAP, une GAP spécifique de la GTPase Racl (Ohta et 
al. , 2006). De plus il a été montré que FilGAP contrôle les jonctions adhérentes dans 
des cellules MDCK (Nakahara et al. , 20 15), supprime la fonnation des lamellipodes, 
et promeut la migration de type amiboïde (Oh ta et al. , 2006 ; Saito et al., 2012 ; 
Nakamura, 2013) ; trois propriétés en accord avec nos observations dans les cellules 
latérales. Le plus proche homologue de FilGAP retrouvé dans le génome du C. 
elegans est la GAP spécifique de CDC-42, PAC-1 , qui possède des domaines 
similaires à ceux de FilGAP. Cette protéine se localise aux jonctions cellule-cellule 
au cours de la gastrula ti on et restreins la protéine de polarité PAR -6 aux membranes 
dépourvues de contact cellule-cellule au pourtour de l' embryon (Anderson et al., 
2008 ; Chan et Nance, 2013). Aucun lien entre PAC-1 et FilGAP n' a été fait à ce jour 
et il n 'y a, de plus, aucune évidence permettant de penser que cette protéine puisse 
être régulée positivement par RH0-1 . 
5.4 Potentielle voie redondante avec pix-1 /pak-1 dans les cellules dorsales antérieures 
Dans le chapitre IV, nous montrons que la voie pix-1/pak-1 contrôle à la fois le 
remodelage des jonctions apicales et la formation des protrusions basolatérales de 
manière polarisée dans les cellules dorsales antérieures 1/2. En effet, en absence de 
pix-1 ou pak-1, nous observons une réduction de 1' anisotropie des protéines 
jonctionnelles à la jonction D2 (Figure 4.4), ainsi qu 'une forte diminution de la 
fonnation et de la surface des lamellipodes à la jonction D2/L2 (Figure 4.6) . 
Cependant, ces deux mécanismes restent inchangés à la partie antérieure de la cellule 
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résultant de la fusion des cellules dorsales antérieures 1/2 (jonction Dl), suggérant 
qu'une autre voie de signalisation serait impliquée spécifiquement à cet endroit. De 
façon intéressante, MRCK -1/MRCK a été montré comme contrôlant la 
phosphorylation de la chaine légère de la myosine, MLC-4, en parallèle de LET -502 
et PAK-1 au cours de l'élongation embryonnaire précoce (Gally et al. , 2009). De 
plus, MRCK joue un rôle dans la formation des protrusions et la migration cellulaire 
dans des fibroblastes et des cellules épithéliales mammifères en culture (Gomes et al. , 
2005 ; Tan et al. , 2008). De manière spécifique, MRCK est impliquée dans la 
réorientation du centre organisateur des microtubules (MTOC) afin de polariser la 
migration cellulaire et de permettre l'assemblage du flux rétrograde d' actine dans les 
lamellipodes de cellules en culture (Gomes et al., 2005 ; Tan et al. , 2008). En accord 
avec ces rôles connus sur la contraction apicale et dans la mise en place des 
lamellipodes polarisés, et avec le fait que MRCK-1 soit exprimée dans les cellules 
dorsales de l 'hypoderme (Gally et al. , 2009), nous émettons l'hypothèse que mrck-1 
serait impliqué en parallèle de la voie pix-1 /pak-1 dans les cellules dorsales 112 au 
cours de l'élongation précoce. Dans ces cellules, MRCK-1 pourrait donc contrôler, de 
manière polarisée, à la fois la tension à la jonction Dl et la formation des 
lamellipodes à la jonction D 1/Ll (Figure 5.1 ). Cette hypothèse peut facilement être 
testée en utilisant un traitement d' ARN interférence, tel que fait précédemment (Gally 
et al. , 2009), dans une souche exprimant le marqueur jonctionnel AJM-l::GFP et le 
marqueur d' actine ABD::mCherry. 
Cette hypothèse n'est pas en total désaccord avec le modèle que nous avions proposé 
à la fin du chapitre II (Martin et al., 2014). Nous émettions effectivement l'hypothèse 
qu 'en plus de son rôle avec pak-1 , pix-1 peut agir en amont de mel-Il . Dans le 
modèle de ce chapitre (Figure 2. 7), nous proposions que PIX-1 active CDC-42 qui 
active lui-même son effecteur MRCK-1/MRCK, lequel inhibe la déphosphorylation 
des MLC par MEL-11 . Autrement dit, pix-1 agirait indirectement sur mel-Il via 
mrck-1 . Si nous émettons l'hypothèse que PIX -1 agit effectivement sur MRCK -1 , et 
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que MRCK -1 contrôle la tension et la formation des lamellipodes le long de la 
jonction D liLl, alors PIX-1 devrait également contrôler la tension à la jonction D 1 et 
la formation des lamellipodes le long de la jonction Dl/Ll. Les résultats du chapitre 
IV montrent que, bien que non significatifs en 1 ' état actuel des choses, pix-1 (gk916) a 
tendance à réduire 1' anisotropie à la jonction D 1 et la formation des lamellipodes à la 
jonction Dl /Ll. Ces résultats pounaient suggérer que PIX-1 agirait à la jonction Dl 
en parallèle d'un autre gène, ce qui expliquerait que les résultats obtenus pour cette 
jonction ne soient pas significatifs. Supportant cette hypothèse, l'étude du chapitre II 
suggérait que PIX-1 agisse en parallèle d'un autre gène, possiblement une GEF, en 
amont de PAK-1 (Martin et al. , 2014), et donc possiblement de MRCK-1. Ainsi, il 
devient donc aisé d ' imaginer que MRCK-1 contrôlerait la tension à la jonction Dl et 
la formation des lamellipodes le long de la jonction Dl/Ll , et que PIX-1 jouerait un 
rôle dans l'activation de MRCK-1 via CDC-42, et en parallèle d 'un gène qui reste à 
être identifié (Figure 5.1). Une telle ségrégation spatiale de deux voies impliquant 
PIX-1 - une dans la partie antérieure des cellules dorsales 112 impliquant CDC-42 et 
MRCK-1 , et une dans la partie postérieure de ces cellules et impliquant CED-10 et 
P AK-1 - est intéressante et intrigante. 
5.5 pix-1/pak-1 , polarité planaire et mécano-transduction 
Au cours de ce travail, nous avons montré que l' activité de la voie PIX-1/PAK-1 est 
hétérogène le long de l'axe antéro-postérieur et dorsa-ventral de l'embryon (Martin et 
al. , 2014) et qu'au sein même des cellules dorsales antérieures, 1 'activité de PIX -1 et 
PAK-1 est polarisée le long de la jonction D2 (Martin et al., soumis à JCB). Nous 
ignorons cependant ce qui régule spatialement cette activité. 
Une des possibilités envisageables serait que PIX -1/P AK -1 soit régulée en aval d 'une 
protéine régulant la polarité planaire. Nous savons que ~-PIX/PIX-1 possède un 
domaine d ' interaction avec la protéine Scribble/LET-413 (Audebert et al. , 2004). Par 
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ailleurs, il a été montré que Scrb l/Scribble, bien qu ' identifiée comme une protéine de 
la polarité apico-basale et pour son rôle de suppresseur de tumeur chez la drosophile 
(Bilder et al., 2000 ; Pagliarini et Xu, 2003), joue un rôle essentiel dans la polarité 
planaire chez les mammifères (Montcouquiol et al., 2003 ; Murdoch et al., 2003 ; 
Yates et al., 2013). Cette protéine interagit aussi avec une autre protéine impliquée 
dans la polarité planaire, Vangl2, et qui possède également un orthologue chez le C. 
elegans, VANG-1. Il est donc possible que l'activité polarisée de PIX-1 /PAK-1 soit 
régulée par LET-413 et V ANG-1 au cours de l'élongation embryonnaire précoce. 
Cette hypothèse reste donc tester dans notre système. 
Par ailleurs, il a été montré que ~-PIX/PIX-1 agit comme un mécano-transducteur 
chez les mammifères et chez le C. elegans (Kuo et al., 2011 ; Zhang et al., 2011 ; 
Plutoni et al. , 2016). TI serait donc probable que l'activité de la voie PIX-1/PAK-1 
soit soumise à une régulation mécanique, répondant ainsi à une augmentation de la 
tension au niveau des jonctions cellulaires (cellule-cellule dans notre cas). Supportant 
cette hypothèse, nous montrons que la voie pix-1/pak-1 est en effet active aux 
endroits où la tension est supposément la plus élevée dans l'embryon au cours de 
l'élongation précoce, c'est-à-dire dans la tête de 1' embryon où la contraction est forte 
(Mmtin et al., 2014), et le long de la jonction D2/L2 qui représente la membrane qui 
réduit le plus rapidement au cours de l'élongation (Martin et al., soumis à JCB). 
Ces deux hypothèses mériteraient donc d'être testées afin de mieux comprendre la 
répartition spatiale de l'activité de la voie PIX-1/P AK-1. 
5.6 Étudier le rôle des protrusions au cours de l'élongation précoce 
Dans le travail du chapitre IV, nous montrons que les cellules dorsales et latérales 
antérieures de l'hypoderme produisent des protrusions basolatérales polarisées. Basée 
sur la mesure de l'anisotropie locale de AJM-1::GFP au niveau des vettex Dl/L1 et 
D2/L2 (Figure 4.8), nous émettons 1 'hypothèse que ces protrusions réduisent la 
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tension exercée à la jonction apicale entre les cellules dorsale et latérale. Il pourrait 
donc être intéressant d'étudier le rôle de ces protrusions afm de confimer/infmner 
cette hypothèse. Différentes méthodes sont envisageables. 
La méthode la plus simple serait d'utiliser une souche mutante telle que nmy-
2(nel490ts) afin de réduire la tension, puis observer l'évolution des protrusions dans 
ce contexte. Cependant, si une réduction de la formation des prot:rusions est observée, 
comme cela est attendu, nous ne pourrons pas affirmer que celle-ci est due à une 
diminution de la tension apicale. En effet, nous ne pounons pas exclure la possibilité 
que la myosine puisse être impliquée dans la formation des lamellipodes comme cela 
a déjà été observé dans les cellules endothéliales, les neurones et les cellules 
épithéliales de cancer du sein en culture (Kolega, 2006 ; Betapudi, 2010 ; Morimura 
et al., 2011 ; Vicente-Manzanares et al. , 2011 ; Sayyad et al. , 2015). Il est donc 
nécessaire ici de découpler le rôle de la myosine au cours du remodelage des 
jonctions apicales et dans la formation des lamellipodes, en manipulant son activité 
avec une précision spatiale micrométrique. Une des techniques possibles pour réduire 
la tension ou la formation des lamellipodes à 1' échelle cellulaire au sein d'un 
organisme en développement est 1 'utilisation de 1 'ablation laser (Rauzi et al. , 2008 ; 
Martin et al. , 201 0) . Cette technique est efficace et pem1et une réponse rapide avec 
une forte précision spatiale, mais est cependant irréversible. De plus, les équipements 
permettant d 'effectuer une telle ablation tout en mesurant les protrusions et le 
remodelage des jonctions avec une résolution et une vitesse suffisante pour supporter 
notre étude sont rares, et actuellement non disponibles pour notre laboratoire. Une 
seconde possibilité serait d'utiliser des outils optogénétiques permettant de contrôler 
de façon spatio-temporelle la tension apicale ou la fonnation des lamellipodes. De 
nombreuses méthodes impliquant ce type d'outil ont été développées en culture 
cellulaire pour suractiver ou inhiber des protéines d' intérêt (Wu et al. , 2009; Bugaj et 
al. , 2013 ; Kato et al., 2014 ; Lee et al., 2014 ), mais la transition aux organismes 
vivants reste peu testée. Récemment, Guglielmi et ses collègues ont développé une 
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méthode optogénétique qui pennet de moduler la contraction dans un tissu en cours 
de morphogenèse (Figure 5.2) (Guglielmi et al. , 2015). Ils ont montré que leur outil 
est capable de réduire localement la contractilité cellulaire et d'empêcher ainsi 
l ' invagination du mésoderme au cours de l'embryogenèse de D. melanogaster. Il 
serait donc possible de transposer cette méthode chez le C. elegans afin de moduler le 
niveau de contraction dans les cellules latérales antérieures de l'hypodenne, et 
d 'observer l 'impact sur la fom1ation des lamellipodes. 
-blue light 
1 
physiological PI(4 ,5)P2 levels l 
morphogenesis progresses 1 
normally 
1 
\ 
\ 
+blue light \ 
\ 
PI (4,5)P2 depletion \ 
inhibition of apical constriction ,\ 
blockade of tissue invagination - actin 
Figure 5.2 : Une méthode optogénétique pour moduler la contractilité cellulaire durant 
la morphogenèse tissulaire. Cette méthode est basée sur l' induction, par une lumière bleue, 
de l' interaction du domaine N-tenninal de CIB l (CIBN) avec le cryptochrome 2 (CRY2). 
CIBN est fusionnée avec 1 'eGFP et avec un motif CaaX pem1ettant 1 'ancrage à la membrane 
plasmique. CRY2 est fusionnée au domaine cata lytique de l' inositol polyphosphate 5-
phosphatase OCRL (5-ptase) et à la mCherry. En absence de lumière bleue, la 5-ptase est 
cytosolique, et sous une illumination bleue, la 5-ptase est recrutée à la membrane où elle est 
capable de déphosphoryler le Pl( 4,5)P2 en PI( 4)P. Cela provoque une réduction de la 
concentration en PI( 4,5)P2 à la membrane plasmique, entraînant une dépolymérisation de 
l' actine corticale. Figure extraite de Guglielmi et al., 2015 . 
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5.7 L'hétérogénéité cellulaire au sein d'une population de cellules ou d'un tissu 
Dans notre étude, nous montrons que des cellules de l' hypoderme peuvent adopter 
des programmes morphogéniques différents, entraînant une hétérogénéité cellulaire 
au sein du tissu. Nous nous demandons cependant quel est le rôle d'une telle 
hétérogénéité pour les processus de morphogenèse des épithéliums et comment est-ce 
que cette hétérogénéité s'établit au sein du tissu. 
Depuis plusieurs années maintenant, l' hétérogénéité phénotypique est fréquemment 
observée dans des populations de cellules isogéniques en culture cellulaire 
(Stockholm et al., 2007 ; Yin et al. , 2013 ; Sailem et al., 2014), dans des populations 
génétiquement homogènes d'organismes unicellulaires, tels que les bactéries et les 
levures (Avery, 2005; Holland et al. , 2014; Sheik et al. , 2016), ou dans des tissus en 
morphogenèse (van de Wijngaert et al. , 1984; Edwards, 1985 ; Colic et al., 1988 ; 
Kanno et al. , 2000 ; Gibson et al. , 2006 ; Liu et al. , 2012). Plusieurs études ont 
suggérées que cette hétérogénéité phénotypique/morphologique, retrouvée dans une 
population isogénique de cellules ou d 'organisme, confère un avantage adaptatif et 
évolutif aux fluctuations de l'environnement (de Jong et al., 2011 ; Yin et al. , 2013 ; 
Holland et al. , 2014). Par exemple, au sein d'une population génétiquement 
homogène de bactéries Escherichia coli exposée à une dose létale d'ampicilline, la 
majorité des bactéries meurent alors que certaines, même si c 'est un phénomène rare, 
persistent et croissent lentement (Balaban et al. , 2004 ). Dans les tissus épithéliaux, 
l'hétérogénéité cellulaire a davantage été étudiée d'un point de vue morphologique. 
Les études po11ant sur la géométrie des formes cellulaires révèlent que seulement 
40% des cellules épithéliales de l'aile de la drosophile sont hexagonales (Gibson et 
al. , 2006). De façon surprenante, ce pourcentage d 'hexagones et la distribution des 
polygones au sein des épithéliums sont conservés entre les plantes et les animaux 
(Gibson et Gibson, 2009). Il a été montré que ROCK jouerait un rôle clé dans la 
maintenance de cette distribution (Kalaji et al., 2012). La fonction de cette 
212 
hétérogénéité morphologique est cependant toujours énigmatique et les mécanismes 
pennettant l'établissement d'une telle hétérogénéité restent obscurs. 
Intéressons-nous maintenant à 1' établissement de 1 'hétérogénéité au sein d'un tissu. 
Dans notre modèle d'étude, nous pourrions nous demander si un facteur de 
détermination, par exemple un facteur de transcription spécifique exprimé dans les 
cellules ectodermique à 1 'origine des cellules dorsales et ventrales de 1 'hypoderme, 
contrôlerait l'expression de RGA-2 dans ces cellules, et inhiberait de ce fait 
l' adoption par ces cellules d'un programme RhoA pour permettre l' adoption d'un 
programme Racl. Chez le C. elegans, nous savons que les cellules suivent un lignage 
invariant et bien caractérisé (Sulston et Horvitz, 1977 ; Sulston et al., 1983). La 
détem1ination et la différenciation des cellules de l'hypoderme dépendent de 
l'expression de ELT-1, un facteur de transcription de type GATA (Page et al., 1997). 
L'existence de facteurs de transcription permettant aux cellules dorsales et ventrales 
d'adopter un programme de différenciation différent de celui adopté par les cellules 
latérales est à ce jour encore inconnu. D'autre part, l'analyse du lignage des cellules 
de 1 'hypoderme ne nous permet pas d'identifier de cellules à l'origine de toute la 
lignée des cellules dorsales, ventrales ou latérales. Cela suggère que le même 
processus de détermination et/ou différenciation permettant l 'adoption d'un 
programme dorsal/ventral ou latéral, s'il existe, serait un mécanisme d'induction 
appliqué sur plusieurs cellules simultanément, ou non, au cours du développement. 
Une seconde éventualité serait que l'induction permettant l'adoption d'un programme 
RhoA ou Racl par les cellules de l'hypoderme ait lieu au moment de la 
morphogenèse et non au cours de la différenciation de ces cellules. Nous savons que 
l 'activation de la voie rho-1/let-502 dans les cellules latérales induit la contraction de 
ces cellules, augmentant ainsi la tension. En réponse à cette augmentation de tension, 
les cellules dorsales pourraient adopter un comportement spécifique pour inhiber le 
programme RhoA et ainsi éviter que l'embryon ne rupture suite à une contraction trop 
élevée. Supportant cette hypothèse, il a été montré le mutant rga-2 induit une 
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augmentation excessive de la tension appliquée aux jonctions entraînant une rupture 
au niveau de la tête des embryons (Diogon et al., 2007). De plus, l'activité de RGA-2 
est spécifique aux cellules ventrales et dorsales, même si RGA-2 est exprimée dans 
toutes les cellules de l ' hypoderme au cours de l'élongation précoce (Diogon et al. , 
2007). Ceci suggère que la fonction de RGA-2 n ' est pas contrôlée au niveau 
transcriptionnel à ce stade, et donc que son expression n'induit pas le phénotype 
dorsal ou ventral comme suggéré par l'hypothèse déterministe. Cela suggère donc 
que RGA-2 serait activée dans les cellules dorsales et ventrales, à ce stade, en aval 
d'un stimulus qui reste à déterminer. Comme cela a déjà été montré pour d'autres 
régulateurs des GTPases, RGA-2 pourrait aussi être régulée soit par un domaine 
d 'auto-inhibition, soit par phosphorylation, ou encore par sa localisation (Ahrned et 
al. , 1993 ; Mertens et al. , 2005 ; Tcherkezian et al. , 2005). L'hypothèse selon laquelle 
l'adoption des programmes Racl et RhoA par les cellules dorsales/ventrales et 
latérales respectivement ne serait pas issue de processus de détermination ayant lieu 
au cours de la différenciation de l'hypoderme, mais plutôt d'un mécanisme d'induction 
ayant lieu au cours de la morphogenèse de l'épiderme, semble ainsi la plus probable. 
En conclusion, ce travail démontre que les voies pix-1/pak-1 et let-502 agissent de 
façon redondantes et synergiques à 1' échelle de 1 'organisme, et antagonistes à 
l'échelle cellulaire, dans les cellules de l' hypoderme au cours de l'élongation précoce 
du C. elegans. Ce travail apporte des modifications majeures au modèle 
précédemment établi permettant d'expliquer la base moléculaire de 1 'élongation 
précoce. Cette étude démontre l'importance d'étudier les processus morphogéniques 
des épithéliums à l ' échelle de la cellule plutôt que du tissu. Nous espérons, en toute 
modestie, que cette étude ouvrira la voie à des études similaires dans d 'autres 
organismes. Cela permettra de savoir si une hétérogénéité cellulaire telle qu 'observée 
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dans notre modèle est une étrangeté spécifique au nématode ou une particularité 
répandue lors de la morphogenèse des épithéliums. 
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Introduction 
In mammals, the CDC42/RAC-specific Guanine-nucleotide 
exchange factor (GEF) a/j3-PIX and the CDC42/RAC-specific 
effector kinase PAKs were shown to control cell migration, cell 
polarity, cytoskeleton remodeling and focal adhesion complex 
assembly/disassembly dynamics [1]. Their involvement in the 
control of epithelium morphogenesis and migration of epithelial 
sheets has also been recendy established in mammals [2], and in 
mode! organisms such as Drosophila m.ûmwgaster and Caenorhahditis 
elegans [3 5]. Study of epithelial morphogenesis in C. elegans 
appears as an excellent mode! to better understand the function of 
a/P-PIX and PAKs during complex morphogenie events in living 
organisms. 
In the nematode C. elegans, embryonic elongation involves the 
extension of the embryo along its longitudinal axis and a reduction 
of its transverse diameter, resulting in a 4-fold increase in length. 
This morphogenetic event involves dramatic changes in the shape 
of the epidermal (hypodermal) cells. Elongation is divided into an 
early and a late phase. The early phase, from comma to 1.75-fold 
stage corresponding to embryos that are 1. 7 5-fold in length 
compared to non-elongated embryos , occurs through contrac-
tion of fùamentous actin bundles (FBs) in hypodermal cells [6]. 
The hypodermis is composed of ventral, lateral (seam cells) and 
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dorsal cells, which are lin.ked by adherens j unctions [7]. 
Contraction of FBs during early elongation is thought to be high 
in the seam cells and low in dorsal and ventral hypodermal cells 
[6,8] . 
The late phase of elongation involves mechanotransduction 
signaling from the body-wall muscles to the dorsal and ventral 
hypodermal cells [4]. At the 1.5-fold stage of development, muscle 
cells form connections, called trans-epidermal attachment struc-
tures (TEAs), with the dorsal and ventral hypodermis [9]. As 
embryos develop to the 1.75-fold stage, the muscles become 
functional and start contracting, thus inducing chemical changes 
in the overlying hypodermal cells through mechanical tension 
applied on the TEAs [4]. 
The signal transduction pathways that regulate early and late 
elongation have been extensively investigated over the last 15 
years . Interestingiy, many genes controlling morphological 
changes of the hypodermis during elongation are effectors or 
regulators of Rho GTPases [3,4, 10, 11]. Rho GTPases are 
molecular switches controlling a wide-range of cellular functions 
involving cell shape changes, cell migration, cell proliferation and 
differentiarion (12]. They cycle between an "ON" GTP-bound 
form and an "OFF" GDP-bound form . When bound to GTP, 
they interact with specifie effectors. They are regulated by three 
familles ofproteins: Guanine nucleotide-Exchange Factors (GEFs); 
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GTPase-Activating Proteins (GAPs); and G uanine nucleotide-
D issociation lnhibitors (GDis). T o date, although three Rho 
GTPases (r/w-1/RHOA, ced-10/RAC and mig-2/ RHOG) have 
been implicated in pathways controlling elongation, only three of 
tbeir regulators (GAPs and GEFs) have been shown to be involved 
in this process (4,1 0,11,13], suggesting thar e thers remain to be 
identified. 
In hypodermal cells, contraction of the FBs during early 
elongation depends on the regulation of myos in-light-chain 
(MLC-4/ MLC) phosphorylation by three se rine-threon ine kinas -
es, the RH0- 1/RHOA-effector kinase LET-502/ROCK, the C. 
elegans ortholog of the CD C42-effector myo tonic dystrophy kinase 
MRC K- 1/MRC K and the CDC42/RAC-effector kinase PAK-
1/PAK I. These kinases act antagonistically with the MEL- Il/ 
PP- lM and are organized in two parallel pa thways: The let-5021 
mel-11 pa thway including mrck-1 and a second pathway involving 
pak-1 (3,8, 10]. D ownstream of these pathways, MLC-4/MLC 
phosphorylation leads to non-muscle myosin filament assembly 
and contractility, while its dephosphorylation is associated with 
relaxation . 
LET-50 2/ROCK is an essential component of the let-502/rnel-
11 pathway a nd an essential regulator of elongation (14]. l t is 
activated downs tream of the Rho GTPase RH0- 1/RHOA ( 15], 
thar m ay itself be activated by the GEF RHGF-2 (13] and 
inacti vated by the GAP RGA-2 [11]. Inactivation of RH0-1 by 
RGA-2, occurs in ventral and dorsal hypodermal cells du ring early 
elongation leading to inactivation of LET-502/ROCK and 
reduction of FB contractions in these cells ( Il]. RH0- 1/RHOA 
and LET-502/ROCK may then be activated in the la teral 
hypod ermal cells where most of the FB contractions may occur 
du ring early elongation. Consistent with this mode!, expression of 
MLC-4/MLC in the la teral cells can rescue mlc-4 loss-oj-Jûnc!Wn-
associated elongation defects, wh ile expression ofMLC-4/MLC in 
ventral and dorsal cells canne t (3]. ln seams cells, MEL- I l / PP-
lM m ay be inhibited by LET-502/ROC K and MRCK- 1/ 
MRC K presumably through phosphorylation (3,8]. 
The second pathway involves the CD C42/RAC-effec tor PAK-
1, the PP2C phosphatase FEM-2/POPX2 and a RHO/ RAC-
sp ecific GTP-nucleotide exchange facto r (GEF) UNC-73/TRJO. 
The function of these two la ter proteins in the regulation ofMLC-
4 phosphorylation and/or PAK- 1 fonction remains unknown 
[3,8,1 0,16]. 
To date, the genes controlling the pak-1 pathway during early 
elongation rem ain unknown. Moreover, the b iological significance 
of the functional redundancy of the m.el-11 /let-502 a nd pak-1 
p athways is not clear. This redunda ncy is intriguing since it does 
not appear to add robustness to the elongation system: a single 
p erturbation in any component of the mel-11 /let-502 pathway 
induces a high proportion of embryonic lethality (10]. This 
suggests that the mel-] 1 /let-502 and pak-1 pathways have unique 
fonctions during elongation tha t remain to be identified . 
The CD C42/RAC-specific GEF, PIX is a well-known activator 
of PAKs in severa! organisms [1]. ln C. efegans, pix-1 codes for a 
protein homologous to the mammalian P-PIX (Figure SI). It 
contains a Src-homology 3 (SH 3); a GEF/ dbl homology (DH); a 
G IT-binding (GBD), and a PDZ binding (ZB) de mains (Figure 
S 1). These conserved demains are shown in mammals to mediate 
P-PIX interaction with PAK I-3, the Rho GTPases CD C42 and 
RAC, the p hosphatases POPXI/2, the ARFGAP GIT, the turner 
suppressor Scribble and the postsynap tic density protein Shank 
(1]. ln C. elegans, PIX- 1 was shown to activate PAK- 1 in a 
GTPase-independent mann.er in migrating dis tal tip cells (DTC) 
during gonad morphogenesis in larvae (17]. ln this system, PAK- 1 
activation still appears to be at least partially dependent on CED-
PLOS ONE 1 www.plosone.org 2 
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pix-1 Controls Early Elongation 
lOIRAC [18]. PIX-1 was aise shown to activate PAK- 1 through 
the G TPase CED- 10/ RAC in hypodermal cells during lare 
elongation of embryos (4]. 
In this study, we demonstrate thar pix-1 controls early 
elongation in parallel wi th nul-11 /let-502. O ur data suggest thar 
pix-1 is a novel component of the pak-1 pathway while retaining 
sorne function during early elongation independent from pak-1. 
We show that the pix-1/pak-1 pa thway controls the antero-
posterior morphology of the embryo du ring early elongation 
through regulating head width, while let-502/ROCK controls 
be th the head and tai! width . Our study proposes a novel mode! 
for early elongation where the mel-11 /let-502 and pix-1/pak-1 
pathways have redundant and complementary functions to shape 
the antero-posterior axis of the embryo. 
Results 
pix- 7 and pak- 1 control early elongation 
T o investigate the role of pix-1 during early elongation, we 
examined the phenotypes of pix-1 (gk416) and pix-1 (ok982) embry-
os. As controls, we characterized the elongation phenotypes of pak-
1 (ok448) and let-502(sb118ts) mutant embryos, which display early 
elongation defects (3,10]. pix-1{gk416) and pak-1(ok448) are nul! 
alleles (3,17] . pix-1(ok982) con tains a 1002 bp deletion spanning 
exons 8 to Il and may code for a protein thar retains the N-
terminal SH 3 and RhoGEF/ DH de mains of PIX-1 (Figure Sl ). 
let-502(sb118ts) is a thermosensitive allele coding for the RH0-1/ 
RHOA-effector kinase LET-502/ROCK. This allele shows no 
obvious phenotypes a t 20°C, but displays strong elongation defects 
and L l -larval arrest characteris tic of strong hypomorphic and null 
let-502 alleles at 25.5°C [ 10] (Figure 1). 
Phenotyp ic characterisation of animais carrying pix-1 (gk416), 
pix-1 {ok982) and pak-1 (ok448) alleles revealed low penetrance 
emb ryonic lethality (Emb) and early lat-val arrest (Lva) confirming 
p revious fmdings (Table 1) (4]. Measurements of pix-1 (gk416), pix-
1(ok982), pak-1(ok448) and let-502(sbl18ts) arres ted larvae showed 
thar they were significantly shorter than synchronized wt LI larvae 
a t 25.5°C (T-tes t, p<O.Ol) (Figure lA and B). To better 
characterize the elongation defects associated with the pix-1, pak-
1 and let-502 alleles, we measured the du ration of earl y elongation 
using four-dimensionallight microscopy. To do so, embryos were 
collected through dissection of hermaphrodites grown at 25.5°C, 
and embryonic development was imaged at 23 24°C. The 
du ration of early elongation was measured from the 1.2-fold stage 
to the beginning of lare elongation when body wall muscles 
started contracting (Figur e 1 C). Animais carrying let-502(sbl18ts) 
(n= 10), pix-l(gk416) (n= 25) and pak-J(ok448) (n= 20) alleles 
developed significantly slower than wt animais (n = 17) during 
early elongation (Figure 1 C). We aiso measured the length of the 
embryos at the end of early elongation (Figure ID), and fou nd that 
mutant embryos were significantly shorter than wt emb ryos 
(Figure ID). T hese data demons trate that the elongation rate of 
pix-1, pak-1 and let-502 m utant embryos is significantly reduced 
during early elongation, and provide tl1e fus t evidence of a 
requirement for pix-1 at this stage. They also confirm the 
involvement of pak-1 du ring early elongation (3]. 
Interestingly, pix-1 and pak-1 arrested larvae had very similar 
morphologies and behavio r. For example, they were thin and clear 
when compared to let-502 arrested larvae (Figure lA). Further-
more, they appeared to have different antero-pos terior morphol-
ogies when compared to wt and let-502 larvae. Vlhen the width of 
the head (H3, Figure 2A and B) and the width of the tai! (T3, 
Figure 2A and B) were measured and combined as a head/tai! 
width ratio (H3/T 3, Figur e 2B), pix-1 (gk416), pix-1 (ok982) and pak-
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Figure 1. pix- 1 and pak- 1 contro l early elongation. A) Arrested larvae of pix- l (gk416), pix- l(ok982), pak- l(ok448) and /et-502(sbll8ts) mutants 
grown at 2s.s•c. Bar = 25 11m. B) Box-plot representi ng the dist ri bution of sizes of arrested larvae in mutant populations grown at 25.5' C. The box-
plot represents the min, max, 251h, so•h (media n) and 75th percentile of the population. Distribution of wild-type animais (wt) has been established 
usi ng N2 ll la rvae synchronized by starvation aft er hypochlorite treatment. C) Box-plot representing the distribution of the duration in mi nutes of 
early elongation for wt and mu tants embryos. Embryos are collected through dissection of hermaphrodites grown at 25.s•c. Embryonic development 
is recorded at 23- 24°C. D) Box-plot representing the distribution of the length of embryos (i n llm) at the end of early e longation. The same 
population of embryos was used to generale data presented in panel C and D. Student's T-test p-values are indicated. 
doi:l0.1371/journal.pone.0094684.g001 
1 (ok448) had signifi cantly highcr ratios tb an wl and /ci-502 larvac 
(H 3/T3, F igure 2 B, data nor shawn). This indicates rbat pi.x- 1 and 
pak-1 mutant arrested larvae pre ent a morphological altera tion 
haracterized by an inOated an terior part of their body when 
comparcd to thcir postcrior pan. Thcsc mutan ts arrcstcd larvac 
also had evere pharynx pumping dcfects an d wcrc completcly 
para lyzcd, a!though pumping in L3 c capcrs was similar to wl 
larvae (Figure S2). V\ hile the e la ter phenotypes may be 
phy iological con equen es ofprimary developmental phenotype , 
they support the fa t th at a sim il ar a rra y of phenotype i observed 
in pi ·-1 and pak- 1 mutant a tùmal. These data upport then the 
hypothe is that pi.x- 1 and pak-1 could be pan of tl1e same 
developmemal pa thway. T his a lso suggests that pi.x-1 and pak-1 
cont1·ol the relative width of the head ' . the tai! of developing 
cmbryos, a pro css thar cl cs not s cm to rcquire lcl-502. 
pix- 1 and pak-1 control the head to tail width of the 
embryos during early elongation 
ince jJi.x- 1 and pak-Jarc also involved in the control of lare 
elongation, wc in vestigat cl whethcr ù1e ir fu nction during carly 
elongation is rcqu ircd to contro l the head to tai! width of the 
rulÎmal T o do o, wc mc a urcd the H / T ratio of pix-1 (gk-11 6), pok-
1(ok4-18) ru1d lcl-502(sb1181s) mbryo at the bcginn.in g, 1.2-fold 
stage (H 1 /T 1, Figure 2 and B), and at th e end of the carly 
elongation (H 2/T2, figure 2A and B). T hese exp rim ents were 
do nc using the same popula tions of embryos cbara terizcd 
previously (Figure IC and D). While no ebange, or a reduced 
H/ T ratio was observee! in pix-1, pak-1 and lei-502 mutant whcn 
compared ro wl animais a t the beginning of carly elongation (H 11 
T l, Figure 2A), ali thr e muta nts howcd a ignificantly highcr H/ 
T ratio thru1 wl cmbryo at the end of carly elonga tion (T -test p-
valucs<0.006; H2/T 2, Figu r 2 ). Thi how tha t the inOatcd 
head vs tai! morphology ob crved in pix-1 ru1d pak-1 arre tcd 
larvac is also observcd at the end of carly elongation in pi.x-1, pak-1 
Table 1. Embryonic lethality and arrest of non-elongated larvae in pix-7 and pak-1 mutants. 
allal a 
VI! 
p iK-1 (ok982) 
piK-1 (gk416) 
piK- 1 (gk416);sajEx1 {piK- 1 p=piK- 1 ::GFP; rol-f>} 
pak-1 (ok448) 
doi:1 0.1371/journal.pane.0094684.t001 
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18"C 
Emb(% ) 
0 
6 
3 
Lva (% ) n 
0 709 
7 1140 
6 713 
12 2502 
2s.s •c 
Emb (%) Lva (%) n 
1 
0.5 0 2367 
11 15 679 
2.14 8.5 1216 
1.2 2.0 917 
25.6 264 
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A 1.2-fold stage 
H1/T1 
2.2 
,g 2 
t t * * ~ 1.8 $ 9 .:::: -6 1.6 ! 1.4 
( ij 1.2 * p < 0.03 ~ 1 ** p < 0.006 
"' QI 
.:::: 0.8 
-1'- t. \ E:)) t.A'ôl '1 'Q\Sl 
\9>"' \av- ·r} ' "~-'\ "If.'" o~'-s ~\ ~0 \6\'f;) 
B c 
0 1.6 
:;:; 1.5 ~ 
c 1.4 
.!:! 1.3 
ti 1.2 ::1 , 1.1 e 1 
.t::. 
:0 0.9 
-- 'i 0.8 
HJ I T3 
\ .....-' 1 / ,• 
End of early 
elongation 
H2/T2 
Head: H1/H2 
* p < 10-3 
* 
Arrested larvae 
H3/T3 
Tail : T1/T2 
$ 
* p < 10-5 
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* 
Figure 2. pix- 1, pak- 1 and /et-502 control the head to tail width ratio of elongatlng embryos. Head {H) and tai\ m width ~re measur~d on 
1.2-fo\d stage embryos {Hl and Tl ); at the end of early elongation {H2 and T2) and in arrested lar;:ae {H3 and T3). ln al\ panels of th1s figure an1~a \ s 
were grown at 2s.s•c. Embryos were collected through dissection of hermaphrodite grown at 25.5 C. Embryon1c development IS then recorded us mg 
4-dimensional microscopy at 23-24°(. A) Distribution of ratio between the head and tai\ width of embryos at 1.2-fold stage (H 1/Tl; left panel), at the 
end of earl y elongation {H2/T2; middle panel) and of arrested larvae {H3/T3; right panel) in wt. pix-7(gk416}, pak-7 (a~448) and le~-502(s~1 78ts) muta nts. 
B) Localisation of measured a reas in embryos and larvae C) Distribution of the head (Hl/H2) and tai\ (T l /T2) w1dth reduct1on rat1os dunng early 
elongation. The box-plots represent the min, max. 2s'". 50th {median) and 75'" percentiles of the populations. Student's T-test p-va/ues are indicated 
doi:l 0.1371 /jou rnal.pone.0094684.g002 
and /et-502 mutam cmbryos, uggcsti.ng that pix-1, pak-1 and /et-
502 conlrol the head lo tail width of the embl')'O at thal tage. We 
then mea ured the redu rion of head (H) and rail (T') ,,;d th du ring 
carly elongation. To do o, wc comparcd the width of th e head 
and the width of the ta il of th e emblJ•O at the beginning and the 
end of earl y elongation (H 1 / H 2 and T 1 /T2 re pccuvely; 
Figw·e 2C). In wl embryo the head and the tail appea.red to be 
1.4- and 1.1 6-fold wider at the bcginning th an at the end of carly 
elonga.Lion (Figure 2 . This shows that the head "~clth reduces 
more than the tail width during carly elongati on in wl .. ni mals. We 
fmmd that the head "~dth of the pix-1 and pak-1 mutant cmbryo 
rcduced ig11ificantly le duri.ng t:arly elongation than wl embryos 
(Figure 2C left paneQ. \• e also found that the tail width reduced 
similarly in pix-1 and pak-1 mutru1t embi)'OS tha.n in wt embryo . 
Imerestingly, the degree of head and tail width reducuon in let-
502(sb118ts) embJ)'OS were significantl)' lower than wl embi')'O 
and not sign ifican tly different tha.n 1, suggesting th at in /et.-502 
mut<Ult animal neither the head, nor the tail width of the animal 
reduce dming carly elongation (Figure 2C). 
Together, these data sugge t th a.t the higher reduction of the 
head versus the tail width of th e emhtyo duri.ng ea.rly elongation 
require pix-1, pak-1 and /et-502 fun ction . Th esc t:hree gene 
appea.r to be requi.red for redu Li on of the head width of the 
embryo, wh ile only /et-502 may be rcquired for reduction of the 
tail width. 
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p ix-1 and pak-1 control early elongation in parallel with 
m e/-71//et-502 pathway 
pak-1 wa.s pre~iou ly propo cd to conu·ol carly elongauon in 
para.l.lel "~th the me/-11 1 /tt-502 pathwa.y [3]. To a.ssess whether 
pix-1 a.lso conn·ols earl y elongation in para.Uel with the mel-Il 1 /et-
502 pa.thway, wc tesœd whether pix-1(gk-J1 6) genetically intera ts 
with mel-11 (it26) a.nd /et-502(sbl 18ts) temperature ensitive mu-
tants, as reporœd for pak-1 [3). At 1a•c , 98% of me/-11 (it26) 
mmant emb1yo ,·upture dw·ù1g elongauon as previousl)' de cribed 
(Table 2, line 3) [1 0]. T he p eneu·ance of thi phenmype i 
increa.sed to 100% at 25.5°C. As previously hown, mel- Il (it26); 
pak-l (ok448) double mutant embi)'O di play phenotype imilar t0 
mel-11 (it26) at ba th 1s•c and 2s.s•c (Table 2 li.ne 10) [3]. 
Intcrcstingly, the mel-Il (it26)-a o iated cmbiyoni rupturing i · 
ompletely uppressed by pir-1 (gk·Jl 6) at 1s •c ru1d 25_.;•c 
(Table 2, l.ine 4). sma.ll fra ûon of me/-1l (it26); pix-J(gk116) 
ha.tched la1-va.e anet at the L 1 tage with cha.ra. teri ti c pix-1 
phenotype, and a. penetra.nce simila.r to pix- l (gk+/6) at 1a•c 
(Table 2, li ne 2 and 4). uq)r i.s ingly, at 25: •c, 9. 7% of me/-
ll (it26); pix-l (gk4 16) embryo arre t betwecn 1.2- and 2-fold 
tage without rupturing and 4{).3% of them clisplay late 
elongation defc ts and rop developing without hatching 
(Table 2, li.uc 4). The e re ults show tha.t pix-1 (gk-J 16) upprc es 
boù1 the expres iviL)' - the embryos ru-resting at 1.2- 2 fold stages 
withoul rupturing - and the pe.neu·a.nce of me/-11 carly elongauon 
defects at 2s . .;•c . Considering me/-ll (it26) to be nuU a.t 2s .s •c 
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Table 2- Genet ic interactions of pix-1 and pak- 1 with mel- 11 and /et-502 mutants. 
18"C 25.5 "C 
earl y early 
elongation elongation 
Genotype arrest (0~) Lva (% ) n arrest(% ) Lva(%) n 
wt 0 531 0 323 
2 pix- 1{gk416) 0 5 420 0 815"' 1190 
3 m el-1 7 (it26) 98$ 0 508 100$ 65 
4 mel-11(it26); pix-1(gk416) 0 3 100 9,7$$ 4013.,..,.... 62 
5 /et-502(sb1 78ts) 0 0 645 7,9 91 ,2.,. 353 
6 let-502(sb1 18rs); pix-7(gk476) 18,1 2,5 764 89 11- 373 
mel-1 1(ir26); let-502(sb1 18ts) 96 905 24 487 
8 mel-11(ir26); let-502(sb118ts); pix- 1 {gk416) 29,8 2,2 359 43,1 31• 297 
pak-1(ok448) 12 1714 0 25,8• 256 
10 mel-11(it26); pak-1(ok448) 98 763 100 931 
11 let-502(sb 118ts); pak-1(ok448) 90 2417 100 2003 
12 mel-11(it26); let-502(sb118ts); pak- 1(ok448) 100 1066 100 891 
Early elongation arrest indu de embryos arresting between comma and 1.75·fold with or without rupturing . 
• arrested larvae present a pix- 1(gk416) specifie morphology (Figure lA) . 
.. arrested larvae present a let-502 (s b118rs) specifie morphology (Figure lA). 
- · late elongation arrest without hatching. 
$a li arrested embryos rupture. 
$$0% rupture. 
doi:l O. 1 371/journal.pone.0094684.t002 
[19], these data suggest th at pix-1 functions in parallel with mel-11 
du ring early elongation. The aggravation of pix-1 associated late 
elongation defects in a mel-11 (tt26) background is somewhat 
intriguing and provides the fU"S t evidence suggesting an involve-
ment of mel-11 in late elongation, in parallel with pix-1. 
We then assessed whether pix-l(gk416) and pak-J(oM48) 
interacts with let-502(sb118ts) at 25.5°C. ru previously shawn, 
few let-502(sb118ts) embryos arrest between the 1.2- and 2-fo ld 
stage at restrictive temperature and the vast majority of the 
animais hatch as non-elongated larvae (Table 2, line 5, Figure lA) 
[10). 89% and 100% of let-502(sbl18ts) embryos arrest between 
1.2- and 2-fold stages in pix-l(gM16) and pak-1(ok448) back-
grounds, respectively at 25.5°C (Table 2, line 6 and 11). ln 
addition, let-502(sb118ts);pix-1(gk416) hatched larvae arrested with 
more severe elongation defects than let-502(sbl18ts) animais 
(Table 2, line 6; Figure 3A and C), while their head/ tail width 
ratio is not significantly different than wt as observed for let-
502(sbl18ts) arres ted larvae (Figure 3D). These results suggest tl1at 
pix-1 functions in parallel with /et-502 to control elongation, as 
previously shawn for pak-1 [3), and that the Joss of let-502 fun ction 
suppress the higher H /T ratio observed in pix-1 mutant arrested 
larvae when compared to wt. lnterestingly, the aggravation of let-
502 de:fects by pix-J(gk416} appears to be weaker than tbat 
observed for pak-l (oM48), suggesting thatpix-1 is redundant with a 
ye t unidentified gene in parallel with /et-502. 
To assess if pix-1 functions in parallel with the /et-502 /mel-11 
pathway, we generated mel-JJ (it26}; let-502(sbl18ts); pix-l(gk416} 
triple mutants . At 18•c, mel-11 (it26); /et-502(sbl18ts) display 
similar elongation de:fects to mel-Ji (it26) single mutant embryos 
due to the thermosensitive nature of let-502(sb118ts) (e.g. wt 
phenotype at 18°C; Table 2, compare !ines 3 and 7). At non-
restrictive temperature, a reduced number of mel-11 (it26}; let-
502(sb118ts); pix-1 (gM16} animais arrest during early elongation 
when compared to mel-JJ(it26); let-502(sb118ts) (Table 2, compare 
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!ines 7 and 8). This is consistent wi th our data showing suppression 
ofnud-11 (it26} early elongation de:fects by pix-1 (gk416) (Table 21ine 
4}. At 25.5"C, mel-li (it26); let-502(sb118ts) are viable and ernbryos 
display 24% early elongation arrest able 2 line 7). At restrictive 
temperature, elongation defects are aggravated in mel-11 (it26); let-
502(sb118ts); pix-l (gk416} triple mutants in comparison to mel-
il (it26); let-502(sb118ts) double mutants (Table 2, compare lines 7 
and 8): 43. l% embryos arres ted du ring earl y elongation 
(compared to 24% in mel-JJ (it26); let-502(sbl18ts)), and 31% of 
animais hatched as non-elongated larvae presenting pix-1 mutant-
associated morphology (compared to 0% in mel-11 (it26); let-
502(sb118ts); Figure 3B and C). Interestingly, mel-ll (iJ26); let-
502(sb118ts); pix-1(gk416) arrested larvae present a H /T width 
ratio significantly higher tban wl and similar to that observed in 
pix.-1 (gk416) arrested larvae (Figure 3D). This suggests that in m.el-
11 (iJ26) background, Joss of let-502 function is not anymore able to 
suppress pix-1-induced H / T ratio defect. 
As previously shawn, !00% ofmel-ll (it26}; /et-502(sb118ts);palr.-
1 (ok448) embryos failed to hatch and displayed early elongation 
arrest (Table 2, line 12) [3). These resul ts suggest that pix-1 
functions in parallel with the /et-502/m.el-11 pathway during early 
elongation, as shawn for pak-1. However, the increased phenotypic 
severity observed in pak-1 liS. pix-1 mutants suggests that pix-1 
functions redundantly with a gene or a group of genes in parallel 
with m.el-11 //.et-502 during early elongation. The different 
relationship observed b etween mel-il and pU.-1 or pak-1 mutants 
also suggests tbat pix-1 and pak-1 have independent functions 
during early elongation. Whether this is the case during late 
elongation, could not be ascertained from our data. 
PIX-1 ::GFP is homogeneously distributed in t he 
cytoplasm and at cell periphery of hypodermal cells 
pix-1 was previously shawn to be involved in mechanotransduc-
tion signaling in ventral and dorsal hypodermal cells upon muscle 
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* p < 10·10 .s::. * p < 0 .03 
0 
Figure 3. p ix-1(gk416) controls earl y elongation in pa ralle! with me/-11/let-502. A) Morphology of /et-502 (sb li Bts); pix-1 (gk416) and B) me/-
ll(ir26); /et-502 (sb118ts); pix- l(gk416) arrested larvae grown at 2s.s•c. C) Distribution of sizes of arrested larvae in mutants' populations, at 2s.s•c. 
Distribution of wild-type animais (WI) has been established using N2 L1 larvae synchronized by starvation after hypochlorite treatment. D) 
Distribution of ratio between the head and tail width of arrested larvae in mutant populations. The box-plot represents the min, max, 2S'h, so•h 
(median) and 75"' percentiles of the population. Student's T-test p-volues are indicated. 
doi:10.1371/journal.pone.0094684.g003 
contraction during late elongation events [4] . The localisation of 
PIX-1 at th TEA in dorsal and venu-al hypodermal cell uppons 
this funct.ion [4]. ur data suggest ù1a t pit-1 also comrols earl 
elon ga ùoo even . The even ar thought to be directed by Ù1e 
ontr clion of fùamentou a tin btmdles B ) a t ù1e cel1 periphety 
aod at the mo t apical part of ù1e la teral hypod m1al cell [3]. To 
b tter understand Ù1 ftmction of PL'\:-1 durin carly elongation. 
we chara terized its ubcellular localization io hypodermal cells 
durin early elongation. T o do o. we xamined the localisa tion of 
PL\:.-1 ::GFP express d und r ù1e control of ù1e pix-1 endogenous 
promoter in pit-l (gk416) animal immuno- tained witb MH27 
aoùb die (staioing ofhypodermal adheren juncùon :Figure 4) or 
expre sing the fil am emou a t.in-bincling probe \ AB-1 OAno:: rn-
heny iD h)'f.lOdermal elis • igure 4-). Con focal micro op)' 
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anal i revealed that du ring earl elongation, PIX-1 ::GFP is 
cd in the d01 al igure '~ - , Figure 4A- , la tera l 
igure 40 - and ventral h)'f.lOdermal cells tgure 4 I, Figure 
4-D- · . Throughom eru·ly elongation, PL'\:-1 :: GfP is located at 
the T · in dor al and venu-al h 'j)Odermal cells, as previously 
report d (Figure ·~ E. arrow-head) (~] and is al o homogeneousl 
distributed in th cytoplasm and at ù1e ell peripbery of ali 
C.'\'Pre ing el1 igure 4, Figur -~). !mere tingly, at Ù1e omm a 
tage. PIX-l ::GFP expre ion appears to be reduced in veral 
po terior dorsal h)'f.lOdennal cell igure 4 B. arrowhead). 
oncomi tant wiù1 the fu ion of the e ell , ar lUld the 1.2-fold 
tag . thl' expre ion of PL\:.-1 :: FP appears to b reduced in Ù1e 
fu cl cell. igure 5 ). 
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Figure 4. PIX- 1 is homogeneously distributed in the cytoplasm 
and at the cell periphery of hypodermal ce lls. A- 1) lmmunostain-
ing of pix- l (gk4 16); sojExl[pix· lp::pix- l ::gfp] expressing embryos with 
MH27 antibodies (A, D, G and red in merge panel C, F, 1) and anti-GFP 
antibodies (B. E, H and green in merge panel C, F, 1). Lower panel of 
each view correspond to orthogonal views of embryos Z-sectioning. 
Position of Z-sectioning is indicated in upper panel by a yellow li ne in 
dorsa l (A- C) and lateral (D-FJ and ventral (G-1) hypodermis. ln 
orthogonal views, arrows point to adherens junctions which partially 
colocalize with PIX-1 ::GFP immunostai ning. Arrowheads show the 
decrease in PIX::GFP expression every other cell in the dorsal-poste ri or 
hypodermis (at comma stage) in picture B (upper panel); Arrow-head 
indicates dorsal trans-epithelial attachment structures (TEA) in picture E 
(upper panel). Scale bars: 10 iJm. 
doi:l 0.1371 /joumal.pone.0094684.g004 
High expression of pix-7 in dorsal posterior hypodermis is 
detrimental for early elongation 
on idering ù1~ 1 pix- 1 controls reduction of the head but not the 
tai! "~dth of Ù1c embtyo during carly elongation, wc were 
intTigued by the r ducrioo of the exp re ion of PIX- 1 ::GFP in Ùle 
de r al-po terior hypod rmal cells in ù1e u-ansgeni animais. \<\ e 
ù1en quami!ied PL'X- 1 ::GFP expre sion in do al-an terior A). 
dorsal-po terior P) ventral-an ter ior A), ventral-po t rior P), 
lateral-anterior (L ) a nd lateral-po terior P) hyp cl rmal ell 
igur 5 ). This tudy reveal d a igoificaot lower ratio of DP 1 
DA and OP/ exp r ion when comparcd to LP/ LA, VP/ \ , 
DAI\ and DA/L ratios. whicb were not igni!i anù different 
Ùlan 1 ·igure 5 B). imilar data were obtained using two 
independent transgenic !ines e.xpressing rra nslational fusions of 
PIX- 1 :: FP un der th control of th pix-1 endogcnou prommer, 
one transgcnic line canying an cxtrachromo omal array (pix-
1 (gk41 6);sajEx1) and one stable lran genie line carrying a n 
in tegra ted array (wzc 119(ed3);pix-1(gk416);sqj1s1 ee ieù10d ). 
\ e also found Ù1ai ali measured ratio were con tant Ù1Toughout 
ca rly elongation · igure 5). 
\•\ e ù1 n , d wheù1er Ùle sajExl [pix-lp::pix-J::GFP.rol-6] 
ue elongation defects in pix 1 (gU 1 6) animal . 
\ e fo und Ù1at th transgeoe significa nùy re ued the larval an·e l 
phen type va) o pix-l (gk416) fro m 8.5% · = 12 16) to 2.0% 
= 9 17) able 1; T -tc t, p-ualue = 0.03). sing ri me-lap 
microscopy, wc , Jso mea ured th elongation 1 te of "~lcl-typ 
(w~ pix-1 (gk4 1 6) , nd pix-1 (gk416) ·sajExl [pix-1 p::pù·-1 ::GFP ml-6] 
embtyo and found thal Ùle i.ransgeoe clic! not signifi canù r scue 
Ù1e elonga tion rate of mutant animal ·igure 6 B). This sugge 
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tha t whil ù1e exp re ion of PIX- 1 ::GFP fusion protein i sufli cienl 
to upport PIX- 1 fw1ction during carly elongation (re cuing Lva), 
it wa not as effici nt as Ùle code cnoLLS protcin. 
We Ùlcn observed Ùle elongation rate of embryos at Ù1e inglc 
animaJ leve! and attempted to see if there wa an corre lation 
be twecn a given expression pattern of the tran gene and the abilit)' 
of the transgene to elli ienùy rescue the mutant elonga tion ra te 
defect. \ e found ù1at rransgenic embty o ''~th imilar elongation 
rate to wl embryos (elongation2:288 om/ min, Figur 6D ) had 
OP/ DA and OP/ ra tios of PL'<.-1 :: GFP imen ·ty that wer 
sigoi ficanùy lower than embryo thal clongated lower (elonga-
ùon< 288 nm/ min, p-value<O.O 1; Figure 6D). No ignifica nt 
dillè rencc "'' ob erved fo r me LP/ LA, VP/ DA/ V and 
D / L ratio between the two populations of embryo igure 6D). 
The e data how th at PIX-1 ::GFP expression was signifi canù 
r duccd in do al-po t rior ccli whcn compared to clorsal-nmerior 
and ventral ccli in re cuing animaJs. uch reduction of PIX-
1 ::GFP :pre ion in de r al-posterior cells was no t ob et ed in 
non-re cuing animais. lmpot1.a nùy, animal pre cnting a DP/ DA 
ratio highcr than 0.5, longa ted al most 3 rimes lowcr Ùlan wt 
animal igttrc 6A). O verall, the peed of carly Jongaùon 
appeared to b negativdy corrda ted lo th DP/ DA ratio of PIX-
1 ::GFP e.xp res ion ( pcarman correla tion oefficiem R2> 0.42 7; p-
~~alue< 0 . 002 ; Figure 6 ), 1 ut IlOt to any other PIX- 1 ::GFP 
ioren ity ratio measured in hypodermal cells (Figure 6). imilar 
re LÙ LS wer obtained L ing two incl pend Ill pixp::pix-1 ::GFP 
e.xprcss ing tramgeoic line , one carryi ng an extra hromo omal 
an a y (pix-1 (gk4 16):sajEx1), and a stab le u·ansgenic line c.-1rrying an 
intcgrated array (tmc- 1/9(rd3);pix-l (gk416);sajlsl ). Thesc daL'l 
sugge t Ùla t tramg ll i animal xpres ing PIX-1 ::G FP ho mo e-
neously in dorsal-a merior, lateral a nd ventral hypoder mal cd ! , 
but n o Lime le in dorsal-po t rior cells, longatc at a wl-ra t.e 
dllli ng ea rl elongation . Howcvcr, animal expre ing th trans-
gen in dor al-po t r ior ell a t a similar / lùgher 1 vcl whcn 
compa.red to où1er cell loogated igoificanùy • lower. 
PIX-1 ::GFP i e.)..-pres ed in el! où1 r i.h n the hy-podcrmis, and 
WC C31lDOl excJud me po ibiJi t)' that differeoriaJ C.\.'j)I"C ion of 
PIX- 1 ::GFP in où1er d is may affect the re uing abil ity of ù1e 
lr an gene. T o te t Ù1 i po ibility, wc genera red transgenic a nima.ls 
C.)..1lr ing PIX- 1 ::GFP und er th contTol of ù1 e hypoclerma.l 
pccific promoter, lin-26p. This promotcr is thougbt to drive ù1c 
expre ion of oding eq ueo e onl in hypodermal ecUs and in a 
homogenous manncr [3]. \ e onfim1 d this latcr as umpùon 
through mea uremeo ofù1 DP/ D Ouore ence im n ity ratio 
in lin26p::t,ab-1 O(ABD)::GFP and lin-26p::mb-1 O(ABD)::mChmy 
tran geoi animais carrying integrated array cxpre ing a tin-
bindiog fl uorescent prol e in ali hypod rmal ceU under the 
control of lin-26p [3] . Wc howed that Ùlese ratio were not 
significanùy differem ÙlaJl 1 igure 5 C a nd D). 
observcd wi ù1 pix- lp::pix-l ::GFP e.xpressing animaJs, trans-
genie animal canying an in tcgrated an a y e.xpre ing PIX- 1 ::GFP 
under Ù1e control of lin-26p egrega ted into two popwation . The 
embryo of the fu· t 1 opwation displayed an elongation ra te imi.l ar 
LO w l (elongation rate2: 288 nm/ min. Figtu·e and had DP/ D 
a nd DP/ L imcnsity ratios Ù1al w r ignificanùy lowcr than the 
second population of embt ' O thal elongatecl lower (elongation 
rate<288 nm/min Figure 7). shown for transgenic a nimais 
c.)..-pressing pix-Ip::pix-1 ::GFP, ali animais ' 'p ressing PfX-1 ::GFP 
under Ù1e control of lin-26p C.\.'j)r s imilar lcvcl of the tra n g ne 
in D . L and cells igurc 7). T hcsc data uppon our 
hypothcsis that a OP/ DA PIX- l ::GFP cÀ-pres ion ratio higher 
Ù1 an 0.5 may hinder ca rly elongation. 
T o clet rmine if ù1 Jow r DP/ D . DP/ L a nd DP/ V io ten iry 
ratios ol rv cl in embryos wiÙl a wt-like elongation rate w re due 
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Figure S. PIX- 1 ::GFP is differentially expressed in hypodermal ce lis du ring elongation. A) Con focal latera l projections of pix-1 (gk416); 
sajEx1[pix-1p::pix-1::GFP]; mcls40 {lin -26p::A8Dvab- 70::mcherry + myo-2p::gfp] embryos. Dorsal-anterior (DA. upper panel), dorsal-posterior (DP, upper 
panel), ventral-anterior (VA, upper panel), ventral-posterior (VP, upper panel), lateral-anterior (LA, lower panel) and latera l-posterior (LP, lower panel) 
hypodermis are surrounded by dashed line and have been identified using lin-26p::vab- 10(A BD)::MCHERRY hypodermal markers. B) Distributions of 
the dorsal-posterior/dorsal-anterior (DP/DA), lateral ·posterior/lateral-anterior (LP/LA), venrral-posterior/ventral-anterior (VPNA), dorsa l-posteriori 
ventra l (DPN}; dorsal-anterior/ventral (DNV), dorsal-anterior/ latera l (DA!L) rates of fluorescence intensity measured in pix· 1(gk476); sajEx1{pix-1p::pix· 
1 ::GFP; ro/-6); mc/s40 [/in·26p::ABDvab- 70::mcherry + myo-2p::gfp] embryos between comma and 1.75-fo ld stages (n = 26 embryos). Similar resu lts were 
a Iso obtained in pix· 1(gk416); sa~ls 1[pix· 1p::pix-1::GFP; unc- 119'1]; mcls40 (/in ·26p::ABDvab-10::mcherry + myo-2p::gfp]. The box-plots represent the min, 
max, 25'". 5o'" (median) and 75' percentiles of the populations. •• T· test comparing ratios tc 1 p< 0.01 . C) Schema tic representation of pix· I ::GFP and 
ABDvAs-10 (control) constructs used to measure the DP/DA intensity ratio reported in panel D. DP/DA of animais carrying mcls40 (lin-26p::ABD::mCh 
expressing), mclsSO (/in-26p::ABD::GFP expressing), sajls2 (lin-26p::pix- 1::GFP expressing) or sajEx1 (pix-1p::pix· 1::GFP expressing). ratios- T-test 
comparing DP/DA ratios measured on pix-1::GFP expressing embryos tc ratio measured in ABDvAs-10 expressing transgenics, p < 0.01 . The box-plots 
represent the min, max, 25'", 50'" (median) and 75'" percentiles o f populations. 
doi:1 0.1371 /journal.pone.0094684.g005 
tc a redu d ex-pression of PIX-I ::CFP in DP Ils r tc an 
increa ed express.ion of PIX-I ::CFP in DA, L and V ccli , wc 
m easured the nuorescence imensity of PfX- 1 ::CFP in DA and DP 
ce.IL1 in lin-26jJ::pi.r- I::GFP ex-pressing an imaJs. Wc fc und tha t ù1 e 
P IX-1 ::GFP flu ores cncc intcnsity was not significanùy di!Ti rcn l in 
the D cells of embryos developing a t a z t-rate wb en compared tc 
those dev lopin a t slowcr ra tes •igu re 6 E). Howe\'er PJX-
1 ::GFP flu orescence intcnsit appeared to be si<mifïcanùy lower in 
the D P hypodermal cells in the subpopula t.ion of embryos th at 
elongated faster. Th is phenomenon was obs ·r-vcd in two 
indepcnden l stable transgcnic lincs. 'T11ese data suggcsl Ù1at ù1 e 
DP/ D ra t.ios in embryos tha l elongated at a wl·rate was nol d ue 
tc an increascd e."-pression of PJX- 1 ::GFP in ù1 e DA cells, but tc 
de reased P IX- I::CFP ex-pression in the DP cl is. 
Altogeù1er, these da ta sugg sl thal homo enous e.xprcssion of 
PJX-1 ::G FP in clorsal-an terior, la t ra i and , ·cmral hypoclermal 
Ils, and cl creas d C.'--pression in dorsa l-posterior cclls sign ifi-
camly res ued the elongation defecLS obser-ved in ù1e pi.x·l (gk41 6) 
an ima is. They also suggest tha l expression of the tra nsgene in 
dorsa.l-posterior cells above a ù1rcshold orresponding to half Ù1 · 
expression in the où1cr h>1)odem1al cells dea·eases ù1e e!lJciency of 
arly e longa tion. This suggc. ts Ùl a t piv· l may be submittcd tc a 
tio-ht control ofi ts ex-pression leve] in hypodennal cclls, par ticula rly 
to dec rease its leve.l in ù1 e dorsal-posterior cells. 
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Discussion 
Embryonjc elongation transfonns the ovoid embryo inro the 
long. thin vcrmifom1 nCI11atodc. T his morvhogenct.ic proce. s 
occurs in two phases. The carly elongation is driven by the 
contraction of Filamento us a tin BundJes (FBs) in hypodcm1al 
cclls. The lalc longation is drivcn by a mechanommsdu tien 
paÙ1way in the dorsal and ven tra l hyp odemüs r sultiug from 
contra tien of the undcrl >~ng muscle cclls. 
T' o parallcl pa ù1 ways con trol e;u-ly elongation. One paù1way 
involves rwo kinases: the RHO- l / RHOA cffecLOr LET-5021 
ROCK and the orù1olog ofù1e C DC-42-effcctor human myotonic 
clystrophy J..;nasc IRCK-1/t\ IRCK L8, 10). Be th kinase arc 
thoughtto inhibit ù1e ftu1ction of MEL- li / PP-LvJ ù1us pcnnitt.ing 
phorphorylation of myosin-light hain 1LC-4-/ 'll.C) and 
contraction of FBs. The econcl pa ù1 way involves ù1e CDC·~21 
RA -errector PA.K- 1, ù1c PP2C phosphatase FEM-2/POPX2 and 
a RHO / RAC GTP nucleotide-ex hru1ge fa tor (GEF) UNC-73/ 
T RJO. The fw1ction of ù1cs two la t r g ne in th regula tion of 
tVILC--4/ l\1T.C phosphory lation and/or PAK-1 fu ncti n r mains 
unknown (3,8, 10, 16]. Downstreru11 of the two pa rall e! pa ù1 way 
LET-502/ROC K and PA.K-1 a rc thought to phosphorylate 
MLC-4/MLC in the hypodeimal cells and to con trol con traction 
of FBs. This contraction is assumed tc be high in the la teral and 
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Figure 6 . High expression of PIX-l::GFP in dorsal posterior hypodermis is detrimental for elongation rate of embryos. A) Confocal 
projections of pix-1(gk416); sajEx1 [pix-1 p::pix-1 ::GFP, ro/-6) at t = 0 min and t = 14 min. The DP/ DA fluorescence intensity ratio and elongation rate (in 
!Jm/min) are indicated. Arrows indicate the dorsal-posterior hypodermis. Sc ale bar: 10 !Jm. B) Distribution of elongation rate in !Jm/min of wild-rype 
(wt), pix- l(gk416), and pix-1(gk416) animais carrying sajEx1[pix- 1p::pix-1 ::GFP, ro/-6) or sajls2[1in-26p::pix- 1::GFP, unc-11<1'1 during early elongation. 
Elongation rate was measured from 4-dlmensional recording of embryonic development between comma and the end of early elongation upon DIC 
illumination. Box-plots represent the min, max, 2S'h, so'h (median) and 75th percentile of the populations. ** T-test p< 0.01 vs wt. C) Scaner plot 
representing the relationship berween the dorsal-posterior/dorsal-anterior (DP/ DA) intensity ratio of PIX-1 ::GFP and the elongation rate in j.lm/min 
du ring earl y elongation of pix-1 (gk4 16} embryos carrying sajExl {pix- 1p::pix-1 ::GFP, ro/-6) or sajls2[/in-26p::pix-1::GFP, unc- 11<1'1 (n = 20 for each li ne). The 
spearman correlation (R2) between the elongation rate and the DP/ DA ratio are indicated, as weil as the p-values rejecting the nu li hypothesis being 
that the two values are not significantly correlated. Similar results were obtained for pix- 1(gk416) animais carrying saj/s1 and sajls3 (see methods). D) 
DP/DA, lateral-posterior/ lateral-anterior (LP/ LA), ventral-posterior/ventral-anterior [VPNA), dorsal-posterior/ventral (DPN}, dorsal-anterior/ventral 
(DAN) and do rsal-anterior/lateral (DNL) fluorescence intensity ratio measured for pix-1(gk416); sajEx1[pix-1p::pix-1::GFP, ro/-6) embryos elongating at 
a wt-rate (elonga tion<!: 288nm/min) or elongating slower (elongation< 288nm/min) du ring early elongation. Bar correspond to the mean and errer 
bars to the standard deviation. ** T-test p-value< 0.01. E) PIX-1 ::GFP fluorescence intensity (AU) was measured in DA and DP hypodermal ce lis of 
embryos elongating at a wr-rate (elongation2 288nm/min) or elongating slower (elongation< 288nm/min) du ring early elongation (see methods). 
"* T-test p-value< O.Ol. 
doi:1 0.1371/joumal.pone.0094684.g006 
low in the ventral and dar al hypodennal cells during carly 
elongmion (Il]. 
ln thi tud)', we how ù1 at ù1 e D 42/RA - EF pix-1 
control carly elongation in pa ralle! ' iù1 the mel- // 1/tt-502 
paùn,. . ur data ugge t Ù1at pu·-1 conu·ols ùüs procc as part 
or Ù1 e pak-1 paùnvay in parn.ll el with a gen (or a group or gene ) 
th a t rem ain to be identified. pix 1 may al o runcLion indepen-
dently rrom pak-1. Our data sugge t Ùla t PIX-1 / PA.K-1 and LET-
502/RO K have different runction along ù1c amcro-po terior 
a..xi or ù1e emb1y o during early elongaLion: PIX-1 , PA.K-1 and 
LE.T-502/RO K appcar to comrol ù1e con tri Lion or the head 
whilc only LET-502/RO K control ù1c consrriction orù1e tai! of 
ù1e longa ting embryo. Our tudy also revenled ù1 a1 PlX-1 :: FP 
ru ion protcin is homogcneouS!)' disuibutcd in Ù1C cytop]a m and 
at the ccli pcriphery or hypodennis du ring carl elongation. Wc 
showcd ù1a1 ù1i ru ion protcin re u Ù1c reduced elongation rate 
obsetved pix-1 (gk416) in a sub et or transgeni animal expr ing 
the tran gene homogenou ly in dor al-am tior, lateral and venu-al 
PLOS ONE 1 www.plosone.org 9 
cell and m a lower leve! in dorsal-po tenor ell . Our resul al o 
suggcst Ù1a t PIX-1 e>.-press ion above a certain ù1re hold in dor al-
po tctior hypod rmal clis is dcuimcntal for carly elongation. 
pix-1 functions with unidentified genes in parallel with 
me/-711/et-502 
Bom pix-1 and pak-1 mutants ha, · imilar elongation pheno-
type and bath aggt-avatc the elongaLion dcrects observee] in nul-
/ 1; let 502 double mutant suggesting that the c two genes control 
togeù1cr a subsct or dcvc1opmcmal mechanism in parall el with 
me/-1 1; lt t-502 during carly clongaLion. Howevcr, pix-1 mutant 
aggt-a\-ates elongation defects as ociated with mel 11; /tl 502 10 a 
les er extenl ù1an ù1c pak-1 mutant. l'hi sugge ts ù1a t pix-1 
functions wiù1 othcr genes ù1at act in parnllel wiù1 mt/-111 ltt-502 
paùnvay ·igurc 7). 
l n both mammals and C. t lt•ans ~PIX/PIX- 1 was shown to 
acti ate PAK-1 kinase a ti\ri ty in a GTPa e-dependcnt (cnnoni al) 
or GTPasc-ind pend ·nt (non-canon ica!) mann r [4·, 17, 18]. M . 
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Figure 7. Model for signaling pathways controlling embryonic elongation. A) Schematic representation of an embryo during early 
elongation. Anterior is at the left and dorsal side on the top. Dorsal (white), lateral (orange) and ventral (yellow) hypodermal cells are represented . The 
blue plan indicates the location of the transversal sectioning of the hypodermal cells represented in panel B. B) Signaling pathways in the dorsal 
(white), lateral (orange) and ventral (yellow) hypodermis in the anterior part of the embryo du ring early elongation. ln this model PIX-1 is expressed at 
similar level in ali hypodermal cells of the anterior part of the embryo. Wh ile homogenous expression of PIX-1 ::GFP in these cells rescues elongation 
defects of pix-1(gk416), we cannot exclude the possibility that pix-1 may be required only in a subset of these ce lis. ln PIX-1-expressing cells, PAK-1 is 
activated in a GTPase-dependant (through activation ofCED-10 by PIX-1 and/or UNC-73) or in a GTPase-independent manner (by PIX-1 directly). LET-
502 is activated only in seam cells through activation of RH0-1 by RHGF-2. PIX-1 may also activate MRCK-1 through CDC-42 upstream of MEL-11. 
Following this model, the contraction pressure a pp lied on the actin cytoske leton is simi lar in ventra l and dorsal hypodermis and higher in seams cells. 
Arrows represent relative contraction forces within each cell. 
doi:1 0.1371 /journal.pone.0094684.g007 
Labou ' laboratory GB1VI , illkirch, France) howed u ing 
TP, pull-do\1~1 assays thar ù1e lev ,1 of a ti,·ation of the Rho 
GTPase CED-10/RA wa significandy lower in pif- l {gk416) 
Ù1an Ù1 wl mbl)'OS1 sug · tu1g Ù1at PlX-1 rcgulat 'S ED-1 0/ 
RAC acti \oity during embi)'Oni developm nt [4). W e can then 
hypotbe ize, thal PIX-1 ma PAK-1 in a canon icat 
mann r th rou h CED-1 0/RA du ring earl y elongation as hown 
dUlin late longa tion [4] .. upponing ù1is hypoù1csis, CED-10/ 
RA wa loca t cl at borh U jun tion and at ù1e TEA \\~th in 
hypod rmal cells in ' longa ting mbi)'OS [4,20). H owcvcr, w · 
cannot exclude the po ibili ty thar PIX-1 may atso activa te PAK-1 
dllling ·arly elongaLion in a GTPase-ù1dependam/non-can nicat 
mann ras hown dwing gonad morphogcn is [1 7, 18). Tmer st-
mgly, the RH / RAC -pecifi GEF unc-ï3/TRlO wa al o shown 
ro control arly elongation in paratJel to mel-11/let-502 [10). 1l1e 
aliele us d in th at ·tudy, rlt40, on ists fa mis en mutation thar 
liminal its e.xchang a tivity loward ED-1 0/RAC, RA -2/ 
RAC and IHG-2/ Rl-IOG wi thout aiTe Ling it activity toward · 
RI-10-1/RH A (1 5,21). A C-73/TRIO - ED-10/R. C-
PAK-1 paù1wa woLùd th 'n be an exccUem candidate pathway 
comro lling carly elongation in parallcl with a non- anon ica l Prx-I 
- PAK-1 or a canonicat PIX-1- CED-10/RAC- PAK-1 paùnvay 
· igur 7). Car fw ·tudy will b' required to test these hypoth ··cs 
and to b tt r under rand the mole ular mechani m involving 
PLOS ONE 1 www.plosone.org 10 
PLX-1 and conu·olling the a tiv it y of PAK-1 dLn-ing earl 
elongation. 
pix-1 may control early elongation in a pak-7-dependent 
manner 
Wh il e pu-/ and jJak-1 may b· part of th same paù1wa>' in 
panUel with m~l-1 1 /let-502, mt!- / 1 (it26)- inducing mbl)'O ruptur-
ing i suppre secl by pi ·- / (gk'// 6) but not b)' pak-l(ok448) (fable 2). 
This illlriguing g ·n ·tic imcracLion b ·t wce11 jJu-1 and mel- / 1 / PP-
lM clLu·ing elongation is im ilar to tha t observ cl b rweenf~n-2/ 
P PX2 and mel-JI 1 PP- 11\I, another gew hown to be parr of th 
jJak-1 pathway [16). 
lt wa ho\\~1 th at ù1e ftm-2 n ull allele in duces weak laJvat 
a1-re r "~th non-elongaœd l;uvae imilar to thar ob e1ved in jJix- 1 
and pak-1 mutant [10]. Thefem-2 mutant can atso aggrava te mel-
Il ; let-502 double mlllan and suppr Ù1e mel-/ 1 ruptwing 
phenot}1Je. [10, 16]. This sugg · t Ù1a t pix- 1, and fnn-2/ P PX2 
fun rion togerher to control early elongation in paratJel with mel-
Il /let-502. Tmcre Lingly ilie PP2C-Iik e1·ine/thrcon ine phos-
pha tascs, POPX2/Protein Pbospha tase IF, the close ·t h m log 
of FE 1-2 in mammals, wa shm'm to intera t wiù1 ~-Pix 
(ortholog of PlX-1 ) and to dephosphorylate and inactiva te PAK 1 
(onholog of PAK-1) kù1 ase activi t in mammalian ceJJ [22). lt 
was ugge red thar the j3-PIX - POPX2 complex cono·ol th 
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activation/inactivation turnover of PAKl in rnarnrnalian cells 
[22,23]. Considering that these proteins are high!y conserved 
between C. elegans and rnarnrnals, we hypothesize that PIX- 1, 
FEM-2/POPX2 and PAK-1 may have functional relationships 
sirnilar to their hornologs in rnarnrnals . Following this hypothesis, 
PIX-1 and FEM-2/POPX2 may control the activation/inactiva-
tion turnover dynarnics of PAK-1 during early elongation. 
Considering tllat pix-1 andfem-2 mutant have sirnilar interactions 
wi th mel-11 and let-502 during early elongation, this hypothesis 
suggests that a reduced or a sustained activation of PAK-1 alters 
sirnilarly early elongation process. While this hypothesis would 
explain the genetic data obtained with pix-1, fem-2 and pak-1 
mutants during elongation, it still rernains to be conflrrned 
through a careful analysis of a possible relationship existing 
between PAK-1 activation/ inactivation dynarnics and the regu-
lation of rnyosin contraction in C. elegans hypoderrnal cells during 
early elongation. 
pix-7 may cont rol early elongat ion in a pak- 7-
independent manner 
Considering the rnolecular analysis ofmel-11 (it26) allele [19], we 
cannat exclude the possibility that this allele may not be 
cornpletely null even at 25.5°C. We can then hypothesize that 
pix-1 may function together with pak-1 in parallel with mel-11 and 
may also function upstrearn ofmel-11 independently ofpak-1. This 
would constitute an alternative explanation for the suppression of 
mel-11 (ît26)-inducing rupturing by pix-1 but not by pak-1 allele. 
lnterestingly, the kinase MRCK- 1 / MRCK., whose rnarnrnalian 
ortholog, is an effector ofCDC-42 [24] was shawn to control early 
elongation upstrearn of mel-il [3]. CDC-42 being ex--pressed in 
hypoderrnal cells during early elongation [20], and being also a 
potential target of PIX- 1 GEF activity, we can hypothesize that 
PIX- 1 may activate JvfR.CK-1 through CDC-42 up trearn of 
MEL- Il and may also activate PAK-1 in parallel with m.d -11 //.et-
502 (Figure 7). 
The pix-1/pak-7 pathway mainly contrai s the const rict ion 
of the head of t he embryos during early elongation 
Observation of the head to tail rnorphology of the elongating 
ernbryo showed that tl1e anterior part of the ernbryo at 1.2-fold 
stage is rouch wider than the posterior part. This suggests that 
contraction forces applied on the anterior part of the ernbryo is 
higher than in the posterior part a t that stage. We showed that the 
rnechanisrn leading to a faster reduction of the head width du ring 
earl y elongation is dependent on pix-1, pak-1 and let-5 02/ROCK 
and that reduction of the tail width is dependent on let-502 1 
ROCK but neither on pix-1 nor on pak-1. This suggests that 
contraction forces controlled by /et-502 /ROCK are required for 
the ernbryo rnorphogenesis along the antero-posterior axis, while 
those controlled by the pix-1 1 pak-1 pathway may mostly be 
required in the anterior part of the ernbryo. This also suggests that 
either the pix-1 lpak-1 pathway i.nduces contractions rnostly in the 
anterior part of the embryo, or this pathway is redundant with 
another pathway (in addition to let-502/m.el-11) specifically 
involved in tl1e control of contractions in the posterior part of 
the ernbryo. 
lnterestingly, we found that animal ex--pressing PIX- 1 ::GFP at a 
reduced leve) in the dorsal posterior cells present an elongation 
rate sirnilar to wt. H igher expression ofPIX-l: :GFP in the dorsal-
posterior cells is also shown to be detrirnental for fue elongation 
rate of ernbryos during early elongation. This suggests that the 
function of pix-1 is required at a low level in tl1e dorsal-posterior 
hypoderrnal cells to ens ure optimal elongation rate. This upports 
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the hypothesis that tl1e pix-1 lpak-1 pathway may induce more 
contractions in tl1e anterior part of the ern bryo tl1an in the 
posterior part. H owever, this hypothesis will have to be tested 
through careful rneasurement of contraction forces induced by the 
let-502/mel-11 and pix-1 lpak-1 pathways in individual sets of 
hypoderrnal cells during early elongation. 
We also showed tl1at Joss of /.et-502 function suppresses the 
increased head/tail widfu ratio obse.rved in pix-1 arrested larvae 
when cornpared to wt and that this suppression occurs only in 
ernbryos ex--pressing an active mel-11 (Figure 3D). These data 
support our observations fuat let-502; pix-1 arrested larvae display 
let-502 roorphology, while /.et-502; mel-Il; pix-1larvae display pix-1 
rnorphology (T able 2). To explain these results, we may 
hypothesize that Joss of /et-502 may induce a severe reduction of 
contraction forces in hypoderrnal cells due to the activation of mel-
11. This activated mel-11 may then strongly suppress ilie 
contraction forces induced by fue pix-1 !pak-1 pathway and 
consequently the difference of contraction forces applied on tl1e 
head and tail during early elongation. According to fuis 
hypothesis, in absence ofboth /et-502 and mel-11, deletion of pix-
1 function is associated wifu the arrest of larvae displaying a 
sirnilar increase of H / T widili ratio than observed in single pix-
1 (gk416) mutants. These data confu-rn that MEL- 11 function 
antagonizes both contraction forces induced by LET-502 and 
those induced by the PIX-1/PAK-1 pathway (Figure 7) [3, 14]. 
In sumrnary, our study dernonstrates a function for pix-1 during 
early elongation within the pix-1/pak-1 patl1way in parallel with 
mel-11 //.et-502. At fuat stage, /.et-502 may drive the contraction 
forces leading the reduction of the ernbryo circurnference along 
the antero-posterior axis, while fue pix-1 lpak-1 pathway may 
rnainly control the contraction forces applied on the anterior part 
of fue ernbryo. 
Methods 
Strai ns and Culture Methods 
Control N2 and other animais were rnaintained in standard 
conditions at 20°C [23] . W orrn strains carrying the following 
mutations and rnarkers: pix-1 (gM 16) }(, pix-1 (ok982) 1( pak-
1 (ok448) }(, mcls40 [lm-26p::ABDvah-10::mcherry + myo-2p:.gfp] and 
mcis50 [/in.-26p::ABDvab-1 O:.gfp + nryo-2p:.gfpj, were obtained from 
the Caenor/wMitis Genelic Cemer (CGC). Mutant strains were 
backcrossed at least 3 times against wild-type (w~ animais prior 
to analysis. Strains carrying let-502(sb118) I, mel-11 (ît2 6} unc-
4(e120) /mnCJ ll and rrœl-Jl (it26) unc-4.(e120) II; let-502(sbl18) I, 
were kindly provided by Dr Paul Mains (University of Calgary, 
Calgary, Canada). m.el-ll (it26) unc-4(e120) II; let-502(sb11 8) I were 
rnaintained at 25.5°C . m.el-11 (ît26) wu:-4(e120) II; let-502(sbl18) I; 
pix-l(gk416) X and mel-JJ (it2 6) unc-4(e120) D; let-502(sb118) I;pak-
l (ok448) X were generated after crossing mel-ll (it26) wzc-4.(e120) 
D; let-502(sb118) I hermaphrodites with pix-l (gk416) X or pak-
1 (ok448) X males. Genotyping of F2 progeny was do ne tluough 
isolation of Une F2 (mel-JJ (it26) wzc-4 (e120) II hm~wzygot.es) at 
l5°C. Mutations in pix-1 and pak-1 genes were identified using 
Polyrnerase chain Reaction (PCR) and let-502(sb118) I homozy-
gotes were identifled furough scoring of ernbryonic lethali ty (Ernb) 
and larval arrest (Lva) phenotypes of populations grown a t l8°C 
and 25S C. 
Generation of Transgenic animais 
pix(gk41 6); sajEx1 [pix-1 p::pix-1 ::GFP;rol-6(sul 006)] animais were 
generated by injection. Translational PIX-1 ::GFP fusion construct 
(pix-1 p::pix-1 :.gfp) was obtained from Dr Chen HJ's laboratory 
(University of California D avis, D avis, California, USA) [17] and 
April 2014 1 Volume 9 1 Issue 4 1 e94684 
injected at 15 ng/ ~ with pRF4 (containing rol-6(su1 006) at 50 ng/ 
~) in pix(gM 1 6) animais. Roi transgenic animais were isolated and 
expression ofPIX-l::GFP was assessed by fluorescent microscopy. 
unc-11 9(ed3); pix-1(gk416); sajlsl[pix- lp:.pix-1::gfP; unc-JJgR} was 
generated using biolistic bombardment. To do so, constructs were 
generated through amplification of the pix-1 promoter (1.6 kb 
upstream of the initiation codon), amplification using reverse-
transcription and PCR using thermoscript II Q.ife technologies) kit 
of pix-1 eDNA (from the A TG the codon in 5' of the endogenous 
stop codon, including the intron between exon 1 and 2). Both 
DNA fragments were inserted using gateway recombination in 
pDONRP4PlR and pDONR20 1 respective1y and recombined 
together in pMB 14. T his construct was integrated by biolistic 
bombardment in unc-119(ed3); pix-1(gk416) strain, using a PDS-
1000/He system with the Hepta adapte r (Bio-Rad) as previously 
reported [24] . wu-119(ed3); pix-1(tjc41 6); sqjl s2[lin-26p::pix-1::GFP} 
and wu:-11 9(ed3); pix-1(gk416); sqjls3[lin-26p:.pix-J::GFP} were 
independent, stable transgenic lines generated also using biolostic 
bombardment. It contains Skb of the lin-26promoter (lin-26p), the 
pix-1 coding sequence including the intron between exon 1 and 2, 
and d1e GFP coding sequence in pMB14 vector. This construct 
was also integrated by biolistic bombardment in unc-119(ed3); pix-
1 (gk416) strain, using a PDS-1 000/He syste.m with the Hepta 
adapter (Bio-Rad). 
Transgenic animais expressing PIX- 1 ::GFP together V AB-
lO(ABD)::mCherry were obtained through crossing pix(gk416); 
sqjEx1, unc-119(ed3); pix-1 (gk41 6); sqjlsl , wu-119(ed3); pix-1 (gk41 6); 
sqjls2 and wu-119(ed3); pix-1 (gk416); sqjl s3 hermaphrodites with 
7ncls40[lin-26p::ABDuab-J O:.>ncherry+nr;o-2p::gfPJ males. Stable lines 
e>..'Pressing GFP, mC herry transgenes and carrying pix-1 (gk416) 
allele were isola ted from the F2 progeny. 
Phenotyping mutant an imais and 4-dimensional 
microscopy 
To score Emb and Lva phenotypes, worms were synchronized 
by hypochlorite treatment. After synchronisation 10 20 worms 
were deposited on NGM agar with OPSO as a source of food 
Worms were allowed to lay eggs at 18°C or 25.5°C for 4 to 
5 hours and were washed off the plate with M9 medium. After 24 
and 48 hours dead eggs and arrested Ll larvae were counted and 
observed at high magnification. The stage of embryonic arrest was 
confirmed in mutant animais using four-dimension microscopy. 
Embryos dissected from adult hermaphrodites were mounted on 
3% agarose pads in M9 buffer and coverslips were sealed with 
drawing gum (pébéo). Elongation was recorded using 4-dimen-
sional microscopy (3D and rime), which recorded a Z-stack every 2 
minutes during 10 hours at 23 24°C using a Leica DM5500 
microscope equipped with a 63X oil immersion objective upon 
differentiai interference contrast illumination (D IC). Images were 
captured using the Leica LAS AF imaging software. These 
recording were used to measure the du ration of early elongation 
for at !eas t 20 eggs from 1.2- to the end of early elongation 
identified as the moment when body-wall muscles start contract-
ing, the length of the embryos at the end of early elongation, the 
width of the head (measured at equidistance from the tip of the 
nose to the pharynx-intes tinal valve), the width of the tail 
(measured at equidistance from the pharynx-intes tinal valve to 
the distal e..xtremity of hyplO) at 1.2-fold and at the end of early 
elongation in the different mutant animais. These measurements 
were done using Leica LAS AF6000 imaging analysis tools . The 
reproducibility of d1ese measurements was tested as detailed in the 
supplementary Figure 3. Length and headltail width measure-
ments were also done on mutant arrested larvae and wild-type (w~ 
LI arrested by starvation afrer hypoclùorite treatment. T he head/ 
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tail ratio was calculated as the ratio of the head width with the tail 
width in }.lm per animal. The head (and tail) width reduction ratio 
was calculated as the ratio of the head width (or tail width) at 1.2-
fold stage over the head width (or tail width) at the end of early 
elongation. Statistical significance was calculated using unpaired 
Student's T-test. 
lmmunostaining of embryos 
For indirect immunofluorescence, embryos were fiXed using 3% 
paraformaldellyde at room temperature for 10 minutes. Following 
washes with PBS (137 mM NaCl, 2. 7 mM KCl, 4.3 mM 
Na2HP04, 1.47 mM KH2P04 Aclj ust to a final pH of 7.4.), 
embryos were incubated 10 minutes in cold methanol, and 
extensively washed with PBS. FJXed embryos were incubated 
overnight at 4 °C with appropriate dilutions of primary antibodies 
in culture media (4X eggs salt, 0.5 % Hepes lM, 5% goat serum). 
Mouse anti-MH-27 antibodies (The Developmental Studies 
Hybridoma Bank, University of Iowa) were used at 1: 10 dilution, 
rab bit anti-GFP antibodies were used at 1:500 (Invitrogen). After 
three washes wid1 culture media (4X egg salt, 0.5% HEPES lM, 
goat serum 5%), embryos were incubated at room temperature for 
1 h with 1 :200 dilution of either anti-mouse IgG conjugated to 
TRITC or anti-rabbit IgG cof!iugated to FITC Œackson 
ImmunoResearch) in lX-PBS. Embryos were washed three times 
with culture media and incubated with 100 ng/ ml of DAPI for 1 
minute at room temperature, washed with water, resuspended in 
40 ~ ofMowiol (sigma Aldrich) and mounted on slides. 
Confocal fluorescence microscopy 
The e>.'Pression pattern of PIX- l: :GFP in living animais was 
observed using a Nikon AIR confocal microscope with lOOX oil 
CFI NA 1. 45 Plan Apochromat A. objective. AU images were 
captured with a pinhole size of 59.1 ~ rn , with a calibration of 
0.12 ~rn/pixel (radial resolution of 0.20 }.lm) and a Z-step of 
0.15 ~m . Images were captures using NIS-element software 
(Nikon). D econvolution was clone using Autoquant 3X, 3D 
deconvolution software. Orthogonal views, and fluorescence 
quantifications were generated using lmageJ software. For 
fl uorescence quantification, individual Z-steps were extracted 
from Z-stacks recording of elongating embryos. DP, DA, LP, 
LA, VP, VA hypodermal cells were selected using lmag«J 'polygon 
selections' tool. N uclei of cells in these areas were also selected 
using the same tool. T he Raw inrensities of selected areas were 
measured using area and gray value function. Raw Intensities of 
nuclei were subtracted to raw intensities of selected hypodermal 
sections. The pixel mean value was then calculated dividing this 
adjusted raw intensity by the area size selected excluding also size 
of nuclei. Intensity ratios and raw intensities were calculated and 
used using the resulting value. Comparison of raw intensities 
between different animais was clone on image captured within a 
week, to limit the impact oflaser fluctu ation. This fluctuation was 
controlled through comparison of intensities obtained for the same 
sample at different days. fluorescence intensity was compared on 
images captured using the same laser power and adjusted 
photo multiplier tube (PMT). Statistical significance of quantifica-
tion was assessed using the unpaired student T-test. Spearman 
correlation coefficients and statistical tests for significance of 
correlation between two quantitative variables were calculated 
using spearman cor. test function in R (Bioconductor). 
Supporting Information 
Figure SI Schematic representation ofhwnan (Hs) and 
C. elegans (Ce ) PIX and PAKs. Modular structure has been 
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identified using the SMAR T tool (www.smart .org) or by aligrunent 
of consensus sequence using CLUSTALW. Binding-domains for 
protein partners reported in the literature are indicated. Proteins 
coded by C. elegans mutant alleles are indicated. * indicate the 
location of translation arres t. CH: calponin homology domain; 
SH 3: src homology domain; D H : dbl homology domain; PH: 
Pleckstrin homology domain; PR: Praline Rich sequence, GBD: 
GIT-binding domain, CC: coil-coiled domain, ZB: PDZ b inding 
domain, PBD: GTPase binding domain; Ser/Thr kinase: serine 
threonine kinase domain. 
(fiF) 
Figure S2 ]Jix-1 (ok982) and ]Jak-1 (ok448) arrested larvae 
present s eve r e pharynx pumping d efects. 48 hours a.fter 
egg-laying, pharynx pumping rates were counted on arrested LI 
animais and escaper L3 anirnals moving freely on a bacterial lawn. 
At !east 10 animais per genotype were exarnined du ring 15-sec 
periods. N = 3. ** T-test p (mutant/N2)<0.00l 
(fiF) 
Figure S3 Establislunent of e=bryo width m ea sure-
ment as a robus t m etrics to characte rize embryonic 
elongation. A) Vve tested the robustness and reproducibility of 
head width measurement of ernbryos. To do so, head width was 
measured five times on a given population of wt embryos at 1.2-
fold stage (n = 12 embryos). Means and standard deviation were 
calculated and Brown-Forsythe test (using R statistical package} 
wa.s used to test for homogeneity of variances arnong the five 
different groups of measurement. This test revealed no significant 
variance difference arnongst the measurements (F-test p-val-
ue> 0.5). B) The repeatability and batch elfec t of our measure-
ments were assessed through measurement of the head width ofwl 
embryos at 1.2-fold stage from 4D -recording done at three 
different da ys (n = 12 embryos). Means and standard deviation 
were calculated and Brown-Forsythe test was used to tes t for 
homogeneity of variances arnong the three different groups of 
measurements. This test revealed no significant variance difference 
amongst the measurements (F-test p-value>0.5). Sirnilar results 
were obtained for tail width measurements and for measurement 
do ne a t different stages of early elongation (data not shown). These 
data indicate that the significant differences observed between 
genotypes using head-width, tail-width and head/tai! width ratio 
measurements are not due to measurement variability and batch 
effect. 
(fiF) 
Figure S4 PIX-1 is homogen eously distributed in the 
cytoplasm and at the cell p e riphery of hypodermal cells 
during early elongation. Confocalmicroscopy analysis of pix-
1 {gk416) embry os carrying sqjEx1 [pix-1 p:.pix-1 ::gjp; rol-6]; md-
s40[lin-26p::ABDnah-10:.7nCherry + myo-2p::gjpj. PIX-1::GFP is ob-
served in B andE (green in C, F) and VAB-1 OA.J3D:.7nCherry in A and 
D (red in C, F). Embryos are oriented anterior to the left and 
dorsal up. Enlarged views (lower panels} show areas indicated by 
whi te rectangle in upper panels. Apical and basolateral 
membrane are indicated by arrow and arrowhead, respectively 
(L, lower panel). cale bars upper panels: l 0 j.l.m; lower panels 
5 j.l.rn. 
IF) 
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Figure S7 High expression of PIX-1 ::GFP in dorsal-
posterior hypodermis is detrimen t al for elongation r a te 
of embryos. D orsal-posterior/dorsal-anterio r (DP/ DA), lateral/ 
ventral (L/V), dorsal-anterior/lateral (DA/L) and dorsal-posteri-
or/ lateral (DP/ L) fluorescence intensity ratio were measured as 
detailed in methods and in Figure 5 in pix-1(gk416); wu-119; 
sajls2[lin-26p::pix-1::GFP;unc-J JgR} embryos elongat:ing at a wl-rate 
(elongation:2:288 nrn/ min) or elongat:ing slower (elonga-
tion<288 nm/min) during early elongation. Bar CO<Tespond to 
the mean and error bars to the standard deviation. ** T-test p-
value<O.Ol. 
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Abstract 
Dissecting the signa ling pathways thal control the alteration of morphogenie processes during embryonic development requires robust and 
sensitive metrics. Embryonic elongation of the nematode Caenorhabditis elegans is a laie developmental stage consisting of the elongation 
of the embryo along ils longitudinal axis. This developmenta l stage is controlled by intercellular communication between hypodermal cells and 
underlying body-wall muscles. The se signa ling mechanisms control the morphology of hypodermal ce lis by remodeling the cytoskeleton and 
the cell-cell junctions. Measurement of embryonic lethality and developmental arrest at larval stages as weil as alteration of cy1oskeleton and 
cell-cell adhesion structures in hypodermal and muscle cells are classical phenotypes thal have been used for more !han 25 years to dissect 
these signaling pathways. Recent studies required the development of novel metrics specifically targeting either ear1y or la te elongation and 
characterizing morphogenie defects along the antero-posterior axis of the embryo. Here, we provide detailed protocols enabling the accurate 
measurement of the length and the width of the elongating embryos as weil as the length of synchronized larvae. These methods constitute 
useful tools to identify genes controlling elongation, to assess whether these genes control both early and laie phases of this stage and are 
required evenly along the antero-posterior axis of the embryo. 
Video Link 
The video compone nt of this article can be fou nd at http://www.jove .com/video/53712/ 
Introduction 
For nearly 50 years the nematode Caenorhabditis elegans established itself as a powerful model to study important questions in development, 
neurobiology, evolution , host-palhogen interactions, etc. 1 The strength of this mo del in the study of development lies in: its short li fe cycle of 
3 days; the ease with which these animais can be genetically alle red; its transparency that ena bles the observation of ce li displacement and 
morphology in living animais and ils development thal is mostly extra-uterine. The developmental stages of the nematode involve embryogenesis 
and four larval stages (L 1 to L4), followed by adulthood. Du ring embryonic development, epidermal morphogenesis drew considerable attention 
for ils ability to enable a belier understanding of how epithelial cells migrate as a group, how they reorganize their junctions and modify their 
individual morphology as weil as the ir relative positioning within a functional epithelium. Epidermal morphogenesis is divided into four stages: 
dorsal intercalation consisting in the reorganization of dorsal epidermal ce lis, referred to as the hypodermis; ventral enclosure, consisting 
in migration of ventral hypodermal ce lis towards the ventral mid li ne th us encasing the embryo in an epithelial cell monolayer; early and laie 
elongation transforming the bean-shaped embryo into vermiform larvae . Following morphogenesis, embryo ha teh and L 1 larvae star! feeding 
using available bacteria in their immediate environ ment. 
Embryonic elongation is the re fore a late phase of the embryonic development. lt consists of the extension of the embryo along its longitudinal 
axis and a reduction of ils transverse dia meler. This involves a dra matie modification of the shape of the hypodermal ce lis. Elongation is divided 
into an ear1y and a late phase. The early phase starts at the comma stage and ends when body-wall muscles star! contracting at 1.75-fold stage 
in wild-type (wt) embryos- corresponding to embryos that are 1.75-fold in length compared to non-elongated embryos. Morphogenie processes 
occurring at !hat stage are mainly driven by contraction of filamentous a clin bundles (FBs) located at the apical pole of hypodermal ce lis thal 
drive their elongation along the antero-posterior axis of the embryo2. Contraction of FBs is control by phosphorylation of myosin-light chains by 
three kinases LET-502/ROCK, MRCK-1 and PAK-1 5. The laie phase of the elongation, starts when body-wall muscles be come functional and 
star! contracting . Il involves mechanotransduction signa ling from the body-wall muscles to the dorsal and ventral hypodermal cells and ends 
when animais hatch3. 
Elongation defects are generally characterized by the percentage of animais dying as embryos (Embryonic lethality; Emb) and th ose arresting 
the ir development as L1 larvae (Larval arrest phenotype ; Lva) and being significantly shorter !han wt. Identification of the stage of developmental 
arrest requ ires microscopie observation of dead embryos and arrested Larvae3-6. 
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Il was recently shown thal several genes, such as the Cdc42/Rac regulator and effector pix-1 and pak-1. control morphogenie processes during 
both early and la te elorwation3.7. VVe a iso recently showed thal morphogenie processes differ along the antero-posterior axis of the embryos 
du ring early elongation . The se findings motivated the development of novel metrics specifically targeting early or la te elongation stages and 
other metrics enabling the characterization of the morphology of embryos along the ir antero-posterior axis during early elongation. 
These novel methods consist in measuring the length of embryos at the beginning and at the end of early elongation as weil as the width of their 
heads and tails.7 Two protocols were a iso developed to measure the length of newly hatched larvae, synchronized at L 1 stage7. 
The eggshells of the embryos protee! them against alkaline hypochlorite treatment while larvae , adults and bacteria present in the culture media 
are dissolved by the treatment. This treatment is then used to purify embryos from a non-synchronized population containing a majority of weil-
led adults8. Food restriction is used to synchronize newly hatched larvae. Measuring the length of these larvae is th en used to detect elongation 
defects. This measurement is preferred over the measurement of arrested larvae on culture plates because larvae thal hatch from non-tully 
elongated embryos can recover to "normallength" when feeding but will maintain their reduced size when arrested in the absence of food. 
Here , we present detailed protocols enabling the measurement of the length of elongating embryos as weil as the width of the ir head and ta il 
using time-lapse DIC microscopy and image analysis (Protocol1 ). We a iso provide detailed protocols to measure the length of synchronized 
larvae using image analysis (Protocol 2) and Flow-Cytometry (Protocol 3). 
Proto col 
1. Characterization of Early Elongation Defects in WT and Mutant Animais 
1. Mounting Embryos for Normarski DIC Mic roscopy 
1. Prepare the following culture media and material: 
1. M9 Buffer, dissolve 12.8 g/L Na2HP04•7H20 , 3 g/L KH2P04, 5 g/L NaCI , 0.25 g/L MgS04·7H20 in distilled water and autoclave to 
sterilize. 
2. NGM plates, dissolve 3 g/L NaCI, 16 g/L agar, 2.5 g/L bactopeptone in ddH20 . Autoclave and add 1 mM MgS04, 1 mM CaCI2, 
1 mM phosphate buffer and 5 IJg/ml cholesterol. Pour 6 ml of NGM per 60 mm dishes. Allow the medium to solidify for 24 hr at 
room temperature. Add a few drops of a saturated culture of E. coli OP50 bacteria grown in Lu ria broth (LB). Let the bacteria 
grow for 48 hr and store the plates at 4 •c. 
3. To generale the worm pick, mount a 0.01" diameter platinum wire on a short Pasteur pipette. Fasten the platinum wire to the 
extremity of the glass pipet by heating this extremity with a benzene burner. Flatten the extremity of the wire to generale a sort of 
shovel. 
2. Grow the worm strain on 60 mm NGM plates with OP 50 at 20 •c. 
NOTE: Therrnosensitive alleles may require growing the animais at non-permissive temperatures at up to 25.5 •c. Plates should 
conta in many young aduHs and still plenty of food in order to pursue the protocols. 
3. Place a microscope slide between two spacer slides covered by two layers of masking tape (Figure 1A). 
4. Prepare a 3% aga rose solution (weight/volume) in M9 buffer by dissolving 0.6 g of agarose powder in 20 ml M9 buffer by heating in the 
microwave during 30 sec. Allow the solution to cool down for 5 min. 
NOTE: The aga rose solution can be used for a few da ys alter melting in a microwave. lt cana iso be aliquoted and stored at 4 •c for 
weeks. 
5. Place a drop of hot 3% aga rose solution on the glass slide located between the two spacer-slides. A void forming bubbles. 
6. Rapidly cover the aga rose with another slide as shown in Figure 18 and press down gently. The top slide will flatten the aga rose drop 
and gene rate a pad with the th ickness of two layers of masking tape. 
7. Allow the aga rose to solidify for at least 1 min at room temperature or until the embryos are rea dy to be transferred to the pad. 
8. Using a worm pick, transfer 20 to 30 weil fed young aduHs from the NGM-plate into a micro~entrifuge tube containing 400 !JI of M9 
buffer. 
9. Allow the worms to sediment by gravity for approximately 5 min and remove the supernatant using a micropipette. Th is step aims to 
remove the maximum of bacteria picked with the nematodes. 
10. Add 200 !JI of M9 buffer to each tube. 
11 . Using a Pasteur pipette , transfer the content of the tube (buffer and nematodes) to a watch glass. 
12. Use one or two 25G 5/8" needles to eut the animais at the mid-body section (between the sperrnatheca and the vulva). 
NOTE: A scalpel blade can also be used as an alternative to needle(s). Do this on swimming nematodes and may require some 
practice. The ldea is to use nee dies as scissors or as a knlfe depending how many needles are used. Once the animais are eut open, 
hermaphrodites release their embryos into the buffer. 
13. Concentrate embryos at the center of the watch glass through generation of a circular vortex within the liquid . 
14. Remove most of the M9 from the watch glass using a micro pipette. Leave approximately 30 !JI of M9 with the embryos. 
15. Remove the slide covering the agarose pad (Figure 18) by sliding il off the pad. 
16. eut the pad with a razor blade in order to be able to completely cover it with a coverslip (Figure 1C). 
17. Using a Pasteur pipette , transfer ali the embryos (and worm debris) onto the aga rose pad. 
18. Group-the embryos at the center of the pad using an eyeiash glued at the extremity of a tip used for 200 !JI micropipettes. 
19. Slowly place a coverslip on the pad avoiding bubble formation and seal it. 
NOTE: Seve rai sea lers can be used. VVe use drawing gum found in art and craft stores (usually used as masking gum for aquarelle 
pa inting) . This gum is used because it ls hydrophilic and solidifies reasonably fast and is not toxic for the worms. Slides can also be 
se a led with na il polish or VALAP (mixture made of Vaseline , Lanolin and Para fin wax) . 
20. Allow the drawing gum dry for approximately 15 min. 
2. Recording Early Elongation using Four-dimensional Normarski DIC Microscopy 
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NOTE: The objective of this step is to record earl y elongation from comma to the beginning of late elongation- defined as the moment 
when the body-wall muscles start contracting. We a iso aim to record more !han one embryo at the time. Eight hours of recording are usually 
required to record early elongation for a group of non-synchronized embryos. 
1. Place the mounted-slide on the stage of a microscope. Ensure that the microscope is equipped with 1 OX and 60X objectives as weil as 
DIC lenses, prism, camera and capture software enabling time-lapse microscopy and generation of Z-stacks (automated Z-platrorm). 
NOTE: ensure that the temperature is constant between 20 and 23 oc in the microscopy room . A heating-cooling cham ber may be 
required on the microscope stage, especially when using thermosensitive mutants. 
2. ldentify a group of embryos at pre-morphogenesis stages using the 10X objective . 
3. Once located, si ide off the 1 OX objective and add a drop of oillmmersion on the si ide. 
4. Using the 60X objective , identify the top and the bottom of embryos to setup the Z-stack imaging parameters. 
NOTE: Do not hesitate to set the Z-stack larger than the thickness of the embryos. Set the distance between two adjacent planes as 
0.8 ~Jm . This will ena ble to cover the total depth of the embryos in 35 to 50 Z-plans. 
NOTE: If the microscope conta ins an automated xy platrorm, embryos located at different locations of the pad cou id be recorded 
simultaneously. To do so, record xy coordinates of each location on the pad you wish to analyze du ring the course of the experiment. 
Make sure to select the xy wh en setting the recording parameter and follow the rest of the protocol as indicated . Thin Z-sectioning 
of the embryo du ring recording is not necessarily required for the measurements detailed in this protocol. Recording embryonic 
development of wt and mutant animais with the maximum resolution is however a good practice in order to build a library of recordings 
able to support additlonal analyses. 
5. Set up the time-lapse with 2 min intervals between two acquisitions lasting 8 hr. 
NOTE: The exposure time will depend on the light intensity set for the microscope. Ce li movement during early elongation is very 
slow; exposure-time cou id be approximately one frame per second or less. If the embryos are at early morphogenesis stages (dorsal 
intercalation, ventral enclosure), early elongation wou id be recorded within 1 hr. Make sure light shutter is closed between each 
acquisition. 
6. Run the acquisition and save it. 
3. Measurement of Early Elongation Defects using Image Analysis 
1. Open Fiji-lmageJ software (v1 .48o- http://fiji.sc/Fij i). 
2. ln the menu select Analyze/Set Measurements, select Perimeter. For each embryo, adjust the Z-scale bar to locus on the pharynx of 
the embryo as shown in Figure 2A. This will en sure that you locus on the center of the embryo . 
3. To measure the length of the embryo, adjust the lime scale bar to have the embryo of interest at the start of the earl y elongation 
(comma stage ; Figure 2A). Note the lime ("Time-beginning"). 
4. Choose the segmented li ne tool. Draw a segmented line from the tip of the mouth of the embryo up to the tip of its ta il following the 
midline of the embryo (Figure 2A). Using the menu tab Analyze/Measure, obtain the length of the drawn li ne ("Length beginning"). 
5. Repeat this measurement for the sa me embryo at the end of early elongation (moment when muscles start contracting) . Note the time 
("Time-end") and measure the length of the embryo ("Length-end") as detailed above (Figure 28). 
6. Calculate the du ration (D) of early elongation and the length increase (L) du ring this stage as follows: 
D = "Time-end"-"Time-beginning" 
L = "Length-end" -"Length-beginning" 
7. To measure the head width , adjust the ti me scale bar to have an embryo at the stage of interest (1 .2-fold stage or end of early 
elongation). Choose the straight-line tool. Draw the transversal (dorsa-ventral axis) midline of the head. This section is the thickest part 
of the embryo (Figure 2C). Using the menu Analyze!Measure , obtain the length of the li ne corresponding to the head width. 
8. At the sa me lime point, repeat this step by drawing the transversal midline or the ta il (Mid-line between the intestinal valve and the tip of 
the tail ; Figure 2C) and measure it to obtain the tail width . 
NOTE: Use this measurement to compare embryos at the sa me stage a cross different phenotypes. To en sure the reproducibility of th is 
measurement, make sure to find a location Jocated a round the mid-li ne of the ta il of the animal th at can easily be recognized from one 
animal to another. 
9. To calculate the head to ta il width ratio, divide the head width by the ta il width. 
2. Characterization of Late Elongation Defects Using Image Analysis 
1. Synchronization of L 1 Larvae using Alkaline Hypochlorite Treatment 
1. From a non-starved 60 mm plate conta ining many gravid adults, collee! ali worms in a micro-centrifuge tube by washing the nematodes 
off the plate with 1 ml of M9 buffer using a Pasteur pipette. 
2. Sediment nematodes at 3,500 x g for 3 min at room-temperature and remove the supernatant using a micro pipette without disturbing 
the worm pellet. 
3. Add 1 ml of hypochlorite solution to each tube (0.4 M hypochlorite, 0.5 M Na OH) and sha ke for 3 min. 
NOTE: Alkaline hypochlorite solution should be freshly pre pa red and embryos in this solution should be agitated gently but 
continuously to optimize dissolution of the adults and oxygenation of the embryos. Alter 3 min agitation , most adults should release 
their eggs into the solution . 
4. Spin at 3,500 x g for 3 min at room-temperature and quickly rem ove the supernatant using a micro pipette without disturbing the pellet. 
5. Wash four times with 1 ml of M9 buffer followed by centrifugation at 3,500 x g for 3 min. 
6. Alter the fourth wash, remove the supernatant and resuspend eggs in 700 ~JI of M9 buffer without pipetting up the eggs (as the eggs 
would stick to the plastic of the tip). 
7. Tape the tube on a 3-mm orbital shaker placed in an incubator at the appropriate growth temperature and shake at 600 rpm overnight. 
2. Length Measurement of Synchronized Larvae 
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1. Centrifuge arrested L 1 larvae at 3,500 x g for 3 min at room-temperature and remove the supernatant. Resuspend the larvae in 100 ~1 
of M9 buller and transfer them onto an aga rose pad using a Pasteur pipette (aga rose pads should be pre pa red as described at section 
1.1.2 to 1 .1.8). Place a coverslip on the pad. 
NOTE: The pad does not need to be sealed with gum for this experiment thal in volves short acquisition. 
2 . Use a 1 OX objective and phase contras! illumination to measure the length of the larvae if a high resolution camera is used. lncrease 
the intensity of the light to be able to capture images within a few milliseconds and consequently obtain a cie ar picture of the larvae 
(Figure 20). 
NOTE: VI/hile the swimming !rashes of larvae are reduced by the aga rose pad , they are still moving . Therefore , fast recording is 
essential to obtain a clear image. 
3. Open Fiji-lmageJ and repeat step 1.3.1. To measure the length of larvae , choose the segmented li ne tool. Draw a segmented li ne from 
the tip of the head up to the tip of the tail following the midline of the larvae (Figure 20 , righi panel). 
4. Using the menu Analyze/Measure , obtain the length of the drawn line corresponding to the length of the larvae in micro meler. 
3. Characterization of Late Elongation Defects Using Flow Cytometry 
1. Synchronize Larvae 
1. Purify embryos using the alkaline hypochlorite treatment as described in section 2.1 from full1 00 mm plates of weil-led young a duits 
and let the embryo hatch and theL 1 arrest in M9 buller for 16 to 24 hr at 20 or 25.5 •c depending on the strain analyzed. 
NOTE: One full plate ofwell-fed a duits per strain is sufficient for the analysis described below. 
2. Calibration of the Womn Sorter 
NOTE: The flow cytometer used he reis a large parti cie flow cy1ometer (hereafter referred to as the worm sorter). The worm sorter includes 
a 670 nm red diode laser, which is located in front of an extinction detector. The worm sorter a Iso contains a multi -line argon laser for 
fluorescent excitation. The standard instruments have three photo multiplier tubes (PMT) fluorescence detectors used to detect fluorescence 
emissions in the green , yellow, and red regions of the spectrum. ln the protocol described here , TOF will be used to measure the size of 
the larvae , the red channel will be used to identify dead worms thal will be stained with Propidium lodide (Pl) . GP (General Purpose) High 
Fluorescence Control Particles used to calibrate the instrument and as an internai control in our experiment display high fluorescence 
in green , yellow and red. They will be the only objects in the sample analyzed with high emission detected in the green channel and will 
subsequently be identified based on th is characteristic. 
NOTE: Living animais are identified based on the absence of fluorescence in the Green and Red channel as weil as on the TOF. 
Autofluorescent emission from the gut of the larvae is not delectable at L 1 stage. 
1. Switch on the laser block, the computer, the compressor and the worm sorter instrument. Press the START button on the opened worm 
sorter software as indicated in the instruction manual of the instrument. 
2. Observe the argon laser contro l pop-up window. Select RUN mode and wail as the laser powers rea ch 10 ± 1 mW. Select DONE on 
the laser control window. 
3. Set the sheath and the sample pressures to 5.10 ± 0.02 and 5.51 ± 0.01 respectively. Allow the pressure to equilibra te for at least 15 
min and click the PRESSURE OK check box. 
NOTE: The flow rate depends on the sheath and the sample pressures. 
4. Make sure to eliminate ali bubbles present in the flow channel tubules between the sample eup and the analyzing chamber. To do so , 
click ACQUIRE and gently fl ick the tubule until no bubble are acquired (as se en in the acquisition window). 
5. Setup of ali parameters for fluorescent and TOF measurement and detection as follows: 
1. Set the scales for TOF, Ext, Green, Yellow and Red to 256. Set ga in as described in Table 1. Set PMT Control at 700 for Green 
and Yellow and to 900 for Red. 
NOTE: Two excitation lillers are available (488 nm and 514 nm) and can be used to excite either Green fluorescent prote in 
(GFP) or Yellow fluorescent protein (YFP) or any fluorochromes excited at these wavelengths with the multiline argon laser. 
Appropria te filters need to be inserted in the filter cham ber of the equipment. We used the 488 nm filter for the following 
experiment. 
6. To calibrate the worrn sorter, select "run control particles" in tool menu. Put 20 ml of 1 x GP (General Purpose) High Fluorescence 
Control Particles in the eup {these partiel es are fluorescent particles of precise size , sold by the cytometry manufacturer to calibrate 
their instrument). 
7. Click on ACQUIRE button to begin sheath and sample flow. 
NOTE: Expect a mean re lated to the control particle distribution of 21 ± 6 and a coefficient of variation around thal mean (C.V.) s11 . If 
the C.V. is >11 and the mean is >27 try to clean the tubules by clicking several times on the clean button or by fllcking the flow channel. 
3. Acquisition of Animal TOF 
NOTE: Light scatters when an object passes in the flow ce li between the laser source and the extinction detector. The lime it takes for the 
light to be scattered by the ftying object {lime of fllght, TOF) is used to measure the axiallength of the object. The extent of light masked by 
the object (extinction, EXT) is used as a measure of ils opacity/optical density. 
1. Place 10 IJI of synchronized wild-type (wt) L 1 in a watch glass and estimate the percentage of dead-eggs uslng a dissecting 
microscope. 
NOTE: Synchronized L 1 displaying high Emb (higher than 20%) in wt should not be used for fu rther analysis. 
2. Transfer synchronized L 1 from the microcentrifuge {approximately 700 IJI of M9 containing L 1) to a 15 ml conical tube . Add pro pidium 
iodide (Pl) at a final concentration of 10 ~g/ml (dilution 1/1 ooth from a 1 mg/ml stock solution) and incubate for 30 min at room 
temperature. 
NOTE: Dead eggs and larvae will be stained using Pl and detected as highly fluorescent objects using the red channel. 
3. Add 10 ml of M9 buffer to dilute sta ined populations. Take 5 ml of the diluted populations and dilute them four times by adding 15 ml of 
M9. Place this dilution in the sample eup. 
4. Run the sample flow by clicking ACQUIRE and observe the flow rate. 
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Measurement of the length of the embryos, as weil as the width of their head and ta il was do ne on wt and mutant embryos carrying null or 
thermosensitive strong loss-of fun ct ion alleles for genes controlling early elongation: pix-1(gk416) ; pak-1(ok448) and Jet-502(sb118ts/. We 
measured the head/ta il (HfT) width ratio of wt and mutant embryos at the beginning (1 .2-fold stage) and at the end of the early elongation at 
non-permissive temperatures (Figure 4C left and righi panel respectively) . 'M1ile at the beginning of early elongation the re was no change- or a 
reduced HfT ratio was observed in pix- 1, pak-1 and /et-502 mutants when compared to wtanimals (1 .2-fold stage, Figure 2C, left panel) , at the 
end of early elongation ali three mutants showed a significantly higher HfT ratio than wt embryos (1-test p-values < 0.006; Figure 4C; righi panel). 
This demonstrated thal pix-1 , pak-1 and /et-502 mutant embryos display abnormal antero-posterior morphology at the end of early elongation. 
Further analysis comparing head width and ta il width between 1.2-fold stage and the end of early elongation, using the sa me measurement 
parameters revealed thal the head width is less reduced in pix-1 , pak-1 and /et-502 mutants while the tail width reduces significantly less in 
/et-502 mutants only 7• This revealed thal /et-502 contrais morphogenie processes similarly along the antero-posterior axis of the embryo, wh ile 
pix-1 and pak-1 control morphogenie processes occurring mainly at the anterior part of the embryo7• The length difference between the embryos 
at the end versus the beginning of early elongation (Figure 40) was a Iso measured. We fou nd thal early elongation was significantly reduced in 
pix-1, pak-1 and /et-502 mutants when compared to wt suggesting thal alteration of the anterior morphogenesis in pix-1 and pak-1 mutants alone 
is sufficient to significantly reduce the elongation of the embryo . 
Protocol 2 and 3 were used to assess the length of arrested larvae in wt and mutant backgrounds. The length of these larvae was assessed 
using both image analysis (Protocol 2)7 and flow-cytometry (Protocol3; unpublished data). Measurements of larvae length using image analysis 
results in absolu1e measurements of animais' length in micrometers in a robust and highly reproducible manner ~Figure SA). This analysis 
revealed thal synchronized mutant larvae display significantly reduced length when compared to wt (Figure SA) . Measurement of these larvae 
using the flow-cytometry based protocol (Protocol 3) gave comparable results (Figure 58). However, it should be noted thal the large number 
of larvae measured using the latter approach significantly increased the statistical robustness of genotype comparison (1-test p-values <10-24) . 
Based on these findings, the flow-cytometry approach may be a better choice over image analysis in arder to characterize mutant animais 
displaying very subtle elongation defects . 
. ' 
Figure 1. Preparation of an Aga rose Pad. A, Microscope slide placed between two spacer-slides covered by two layers of masking tape . B, 
The aga rose pad is covered with another si ide supported by the two spacer-slides. C, The final shape and size of the aga rose pad after cutting 
with a razor bi ade to fit the coverslip . Please click he re to view a larger version of this figure . 
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Figure 2. Measurement of Early and Late Elongation Defects. A - B, Measurement of the length of an embryo at comma stage (A) and at the 
end of early elongation (8). The red line , used to measure the embryos was drawn using the segmented li ne tool of lmageJ. C, Head and ta il 
width are measured in embryos at 1.2-fold stage (le ft) and at the end of early elongation (righi) . Arrows represent the locaiization of measured 
areas (modified from Martin et al., 2014). Scale bar: 20 jJm. D, Length of Larvae is measured fo r synchronized L 1-larvae. Righi panel is an 
enlarged view of the captured image (le ft). The red li ne was drawn using the segmented line tool of lmageJ. lt is used to measure the length of 
the larva. Scaie bar: 100 jJm. Please click he re to view a larger version of this figure . 
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Figure 3. Measurement of the Length of Synchronized Larvae Using Flow-<:ytometry. A, Ga ting and sorting window of CO PAS Biosort 
showing Green and Red emission of control particles, bubbles, de ad and living animais with respect to the ir Time-Of-Fiight (TOF). B, TOF of 
control pa rticles at different ti me points for a representative experiment. The slope of the linear function of TOF versus ti me is a round 1 o·5, 
indicating thal TOF of control particles is constant over lime throughout the ex periment. C, Distribution of control particle TOFs expressed as 
a perœntage of maximal value of distributions. Non-normalized and normalized control particle distributions are represented for pak-1(ok448). 
Other distributions are not normalized. D, distribution of TOFs for living animais expressed as a percentage of the maximal value of the 
distributions. TOFs are not normalized on control particles except for pak-1 (ok448) as indicated. Please click here to view a larger version of this 
figure . 
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Figure 5. Pix-1(gk416), Pak-1(ok448) and Let-502{sb118ts) Larvae Present Length Defects. A , Length of larvae measured in wt. 
pix-1(gk416) , pak-1(ok448) and lel-502(sb118ts) animais measured using image analysis (Protocol 2) . B, Relative larvae length measured 
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version of this figure . 
Discussion 
This protocol describes novel metrics to characterize early and la te phases of embryonic elongation. 
ln section 1, the critical step is the potential presence of bacteria on the pad. The embryos are hermetically enclosed between the pad and the 
coverslip during image acquisition. Sealing the slide is required to avoid desiccation of the animais during acquisition that lasts more than two 
hours. To our knowledge, none of the sealers used to mount aga rose pads between slide and coversl ip are air-permeable . Consequently, wh en a 
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large a mount of bacteria (or embryos) is present on the pad, they may be deprived of oxygen alter a few hours leading to the ir premature death . 
Having three-fold embryos- corresponding to embryos thal are 3-fold in length compared to non-elongated embryos- recorded along with 
the embryos of interest will be a good indicator of potential hypoxic conditions, si nee tho se embryos will stop moving in their eggshells in the 
absence of oxygen. No morphological measurements should be do ne on hypoxic conditions or on dead embryos. 
Another critical step wh en using time-lapse imaging is temperature at which development of the embryo occurs. Thermosensitive mutants are 
currently used in C. e/egans. The biological effect of temperature shift may be immediate or delayed depending on the half-life of the protein and 
the nature of the mutation its carries. Consequently, the temperature at which the embryo is exposed should be constant over lime and should be 
controlled by appropria te ventilation of the microscopy room or a heating-cooling cham ber on the microscope stage . 
Section 2 is dependent on larvae synchronization using alkaline hypochlorite treal ment. Under certain circumstances, this treatment may lead 
to embryonic lethality (Emb). Emb above 20% in wt population suggests an elevated toxicity du ring hypochlorite treatment th at may negatively 
impact morphogenesis. Synchronized L 1 displaying high Emb in wt background should not be used for further analysis. This restriction a iso 
applies to protocol 3. 
We do not recommend the use of anesthetic drugs to immobilize larvae . Levamisolln particular, immobilizes the nematode through induction 
of muscle tetany that tends to shrink the larvae introducing experimental bias. If exposure time is not quick enough as a re suit of the limitations 
of the microscope, we recommend reducing the motility of larvae by increasing the concentration of the aga rose in the pad and reducing the 
amount of liquid between the pad and the coverslip . Ca re should be ta ken however, not to desiccate the larvae, si nee desiccation will reduce 
their size . 
ln section 3, measurement of the length of larvae used comparison of flow rates between analyzed sam pies. To do so, the distribution of control 
particles needs to be compared . If the distributions lully overlay, the TOF (time~f-flight) values obtained for corresponding sam pies can be 
compared, if not, these values need to be normalized . Normalization of sample-TOF over control particles-TOF (as detailed in 3.4.5.1) has be en 
used successlully as shawn for pak-1(ok448) (Figure 3C and Figure 58). Relative leng1h of pak-1(ok448) vs wt was fou nd to be similar in at 
!east 3 in dependent experiments with or without normalization (data not shawn). However, we recommend, confirrning the results obta ined with 
normalization with those obtained without it, especially when comparing larvae with small size differences. lt should be noted thal measurement 
of the larvae length using flow-cytometry provides a length relative to a control sample, in this case, wt larvae rather than an absolute length in 
micrometer as for image analysis. This implies thal measurements from independent experiments cannat be combined unless computing size 
ratio over wt. 
The butler used for dilution in the sample eup will have an impact on the flow rate . We observed thal the sheath butler recommended by the 
manufacturer contains detergent thal increases the a mount of bubbles generated during acquisition . Using M9 buller, which does not conta in 
detergent, significantly reduced the formation of bubbles but was Jess efficient in avoiding the plugging of eggs in the tubules of the sorter, which 
affects the flow rate of sam pies. Egg plugging is easily detected du ring the acquisition by a marked decrease of the observable TOF of control 
particles for a few seconds followed by an elevated TOF- a Iso for a few seconds. Egg plugging may a Iso lead to the obstruction of the channel 
and the complete arrest of the particle flow (Jess th at 5 abjects per second). If this should occur, click on the CLEAN butten until flow rate is 
resto red. Any measurements occurring du ring these events should be excluded from the data analysis. Sheath butler may be recommended for 
experiments involving strains characterized by high rates of dead eggs. 
The sample and sheath pressure (set at the step 3.2.3), may change (slightly) over ti me and should be adjusted manually throughout the 
ex periment in order to ensure a very constant flow rate . Reduction or increase of the low rate wi ll be observable when analyzing the results 
and plotting the TOFs of control partiel es over ti me (Figure 3C). Reduction of the flow rate will re su it in the increase of the average TOFs of 
partiel es over lime, wh ile an in crea se of the flow rate will result in the opposite . Alteration of the flow rate will negatively impact the sensitivity of 
the method in detecting sm ali size differences between populations of larvae. 
Methods ai ming to identify genes control ling elongation and requiring time-lapse microscopy recording are generally highly time-consuming and 
tedious when phenotyping severa! genotypes. The flow-cy1ometer-based approach, while requiring equipment not available to alllaboratories, is 
Jess time-consuming and consequently more efficient when severa! strains need to be characterized. This method is also more statistically robust 
compared to measurements using image analysis (assessed by the student's 1-test comparing mutant and wtTOF distributions; Figure 5A and 
B). This method may th en be highly suitable for strains expressing elongation defects with low expressivity/penetrance. 
Seve rai methods using flow-cy1ometry have been developed in the past to measure fitness of nematodes9-12 These methods use animais 
dispensed in a 96-well plates and the Reflex module of the worrn sorter'. The Reflex module ena bles direct analysis of nematode population 
dispensed within 96-well plates. Consequently, these methods are able to characterize hundreds of conditions per day and constitute a robust 
manner in which to measure the fitness of a non-synchronized population. They are however, not weil suited to identify small size differences 
between synchronized L 1. Measurement of small differences between L 1 larvae requires the measurement a cross a large number of animais, 
which is incompatible with the use of 96-well plates and of the Reflex module that may efficiently characterize 100 abjects at the most per 
weil. The method described here is designed for this purpose at the expense of the throughput, which is significantly reduced. lt ena bles the 
characterization of 3 to 4 conditions per hour once the instrument is calibra led, which is a marked improvement over uslng image analysis in 
protocol2. 
Measurement of head and ta il width ratio is the first method thal was developed to characterize morphogenie pro cesses occurring unevenly 
along the antero-posterior axis of the embryo7. 11\/hen applied to genes shown to control earty elongation, these methods will clarify the 
spatial distribution of signa ling pathways controlling morphogenesis at !hat stage . Measurement of the length of arrested larvae using either 
image analysis or flow cytometry in combination with measurement of the length of the embryos at the end of earty elongation will ena ble the 
identification of genes controlling either early or la te elongation or both with high sensitivity and precision. These procedures may th en contribute 
significantly to future understanding of the spatial and temporal regulation of signa ling pathways controlling embryonic elongation in C. elegans. 
Furtherrnore these approaches cana iso be adapted to study signal in~ ~athways controlling body length such as the insu lin and TGF-beta 
pathways 13.1 4 and chronic exposure to environmental contaminants 1 •1 . These measurements can be done at different larval stages or in adults 
Copyright © 2016 Journal of Visualized Experiments March 2016 1 109 1 e53712 1 Page 10 of 11 
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using mi nor variations of Protocols 2 and 3. Me a su ring size differences in L 1 is more challenging with the worm sorter !han larger abjects such 
as L3, L4 larvae or adults. Protocol 3 can then easily be adapted to do these measurements. 
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Spatial control of active CDC-42 du ring collective 
migration of hypodermal cells in 
Caenorhabditis elegans 
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Collective epithelial cel! migration requires the maintenance of cell-cell junctions wh ile enabling the generation of actin-rich protru-
sions atthe \eading edge of migratingce\\s. Ventral enclosure of Caenorhabditis elegans embryos depends on the collective migration 
of anterior-positioned leading hypodermal cells towards the ventral midline where they form new junctions with their contra lateral 
neighbours. ln this study, we characterized the zygotic function of RGA-7 / SPV-1, a CDC-42/ Cdc42 and RH0-1 / RhoA-specific Rho 
GTPase-activating protein, which controls the formation of actin-rich protrusions at the leading edge of leading hypodermal cel\s 
and the formation of new junctions between contralateral cel\s. We show that RGA-7 contro\s these processes in an antagonistic 
manner with the CDC-42's effectorWSP-1/ N-WASP and the CDC-42-binding proteins TOCA-1 / 2/ TOCAl. RGA-7 is recruited to spatially 
distinct locations at junctions between adjacent \eading ce lis, where it promotes the accumulation of c\usters of activated CDC-42. lt 
a iso inhibits the spreading ofthese c\usters towards t he \eadingedge of the junctions and regulates th eiraccumulation and distribution 
at new junctions formed between contralateral\eading cel \s. Our study suggests th at RGA-7 controls collective migration and junction 
formation between epithelial ce ils by spatially restricting active CDC-42 within cel\- cell junctions. 
Keywords: Caenorhabditis elegans, Cdc42, Rho GAP, collective migration, ventral enclosure, epithel ial, morphogenesis 
Introduction 
Collective migration of ep ithel ial ce lis is characte rized by main· 
taining cell-cell adhesion whilst creating an antero-poste rior polar-
ity essential fo r directional migration (Khursheed and Bashyam, 
2014). lt plays an important role in organ morphogenesis, tissue 
regenerati on, and tumeur dissemination (Friedl and Gilmour, 
2009). Collective migration isalso required for dorsal and ventra l en-
closure in Drosophila melanogaster (Bastock and Strutt, 2007) and 
Caenorhabditis elegans, respective ly (Chisholm and Hardin, 2005). 
The late phase of C. e/egans embryo nic development includes 
epidermal morphogenie events that enable the embryo to 
acquire its Anal tubular shape (Chisholm an d Hardin, 2005) . One 
of these events, termed ventral enclosu re, involves the migration 
of ventral hypodermal ce lis towards the ventral mid line to cover 
the embryo in an epidermal layer. This event occu rs in two 
phases. ln the first phase, the anterior ventral hypodermal cells, 
referred to as the leading ce lls, migrate towards the ventral 
midline using large actin-rich protrusions, where they form june-
tiens with their contralateral neighbours (Ch isholm and Hardin, 
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2005). Afterwards, the posterior ventral hypodermal ce lls, called 
the pocket cells, migrate towards the ventra l midline using a 
contraction-dependent, pu rse-stri ng mechanism, which is sti ll 
poorly described (Williams-Masson et al. , 1997). These migratory 
mec han isms are supported by signais from underlying neurob lasts 
(Chisholm and Hardin, 2005) . 
During ventra l enclosure, Rho GTPases control hypodermal ce li 
migration in a cell-autonomous manner. Rho GTPases are molecu-
lar switches controlli ng a wide range of ce llular fu nctio ns includ ing 
shape changes and cel! migration (Takai et al., 2001) . They cycle 
between an 'ON' GTP-bound form, during which they interact 
with specifie effectors, and an 'OFP GDP-bound form. They are 
regu lated by guanine nucleotide exchange factors (GEFs) and 
GTPase-activating proteins (GAPs) . The Rho GTPase CED-10/ Rac1 
regulates early migration of lead ing and pocket cells during 
ventral enclosure through the activation of effectors, including 
G'CX-1/ 'WVE-1/ Scar and the ARP2 / 3 complex, to promo te remodel-
ling of the act in cytoske leton (Lundquist et al., 2001; Withee et al., 
2004). An additional pathway involving another potential effector 
of CED-10, the ENAJVASP UNC-34, was shawn to specifically 
control the protrusive activity of leading cells in parallel with 
the CDC-42's effector WSP-1/ N-WASP/ WASp (Withee et al., 2004; 
Sheffield et al. , 2007). 1n mammals, regu lation ofactin cytoskeleton 
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remodelling and membrane trafficking by N-WASP / WASp and Cdc42 
has been shawn to depend on the F-BAR proteins TOCA1/ FBP17 
(Pichot et al., 2010). While CDC-42 has not be en directly studied in 
C. elegans ventral enclosure, the two redundant homologues of 
TOCA1, TOCA-1 and TOCA-2, were shawn to control endocytosis of 
junctional proteins at that stage together with WSP-1 (Giuliani 
et al., 2009) . Another Rho GTPase, RH0-1 / RhoA, and its effector 
LET-502/ ROCK may also control myosin-dependent contraction 
events during ventral enclosure (Fotopoulos et al., 2013) . 
Coordinating the different Rho GTPases and generatingspatially 
distinct active zones at the leading edge of migrating Abroblasts is 
required for the generation of actin-rich protrusions (Pertz, 2010) . 
Spatially controll ing the activity of the different Rho GTPases at 
cell-cell junctions is also important for the transmission of forces 
from the leading cells to those that follow (Friedl et al., 2014) 
and for the maintenance of cell-cell junction integrity (Hida lgo-
Carcedo et al. , 2011). Antagonism between Cdc42 and RhoA at 
cell-cell junctions reduces actomyosin contractility between col-
lectively migrating cells, which enables a better coordination of 
their movement (Hidalgo-Carcedo et al., 2011). ln collectively mi-
grating MDCK cells, active RhoA is found at the front of the 
leading cell (s), wh ile active Cdc42 is restricted to more posterior / 
back locations (Reffay et al. , 2014) . Similarly, spatial! y distinct con -
centric zones of active RhoA and Cdc42 form in Xenopus oocytes 
during wound healing (Ben ink and Bernent, 2005) . This suggests 
that the spatial restriction of active Rho GTPases is evolutionary 
conserved and important for collective migration . 
Signalling mechanisms spatially controlling active Cdc42 have 
been described in the yeast Saccharomyces cerevisiae (Park and 
Bi, 2007) . The clustering of active Cdc42 at the bud site involves exo-
cytic mechanisms targeting Cdc42 from intracellular compartments 
to the plasma membrane. lt also involves feed-forward loops 
in which active Cdc42 contrais exocyt ic mechanisms promoting 
its own accumulation and activation by GEFs at forming clusters 
(Harris and Tepass, 2010) . The spatial restriction of active Cdc42 
also involves actin-dependent endocytosis, and the recruitment of 
Rho GAPs to the bud site (Park and Bi, 2007; Wu and Lew, 2013). 
The se studies highlight the interdependence of the spatial regula-
tion of active Cdc42 and membrane trafficking, and the critical ro le 
for Cdc42-speciAc GAPs and GEFs in the se processes in yeast. 
ln the epithelia of multicellular organisms, the mechanisms con -
trolling the spatial distribution of active Cdc42 are less weil under-
stood. Membrane trafficking was however shawn to spatially 
control the targeting of active Cdc42 at the leading edge of migrat-
ing primary rat astrocytes (Osman i et al., 2010). The funct ion of 
Cdc42 in regulating actin-dependent endocytosis together with 
the F-BAR prote in TOCA1/ FBP17 and N-WASP/ WSP-1 and en docy-
tic recyclingeventsatcelljunctions is a iso weil established in multi-
cellular organisms (Leibfried et al., 2008; Giuliani et al., 2009; Bu 
et al., 2010; Harris and Tepass, 2010). Wh ether regulation of mem-
brane trafficking by Cdc42 con tri butes to the spatial regulation of 
its active zone at the junctions between epithelial cells is, to 
date, unknown . Feed-forward loops involving N-WASP/ WASp and 
Cdc-42-speciAc GEFs (Hussain et al., 2001; Kovacs et al., 2011; 
Humphries et al., 2014), as weil as feedback mechanisms involving 
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recruitment ofRho GAPs to prevent excessive activation ofCdc42 at 
cell-cell junctions were also described in the epithelia of multicel-
lular organisms (Eibediwy et al., 2012). However, whether these 
mechanisms spatially control active Cdc42 at cell junctions and 
collective migration of epithelial ce lis is still unknown . 
ln this study, we characterized the function of the Rho GTPase-
act ivating protein 7 (rga-7) during C. elegans ventral enclosure. 
This gene, called also spv-1 (Spermatheca variant 1), encodes a 
protein containing a RhoGAP domain, anF-BAR domain that inter-
acts with curved membranes, and a Cl domain that may interact 
with diacylglycerol (DAG) (Tan and Zaidei-Bar, 2015) . RGA- 7 / 
SPV-1 was previously shawn to regulate the activity of RH0-1/ 
RhoA in the spermatheca during expu lsion of embryos towards 
the uterus, and has three close human homologues: GMIP, 
ARHGAP29/ PARG1, and HMHA1 (Tan and Zaidei-Bar, 2015) . We 
show he re th at RGA-7 displays GAP activity towards CDC-42 in add-
ition to RH0-1 / RhoA. RGA-7 is required for migration of leading 
ce lis towards the ventral mid li ne and regulation of the dynamics 
of junction formation between contralateral leading cells. We 
also show that RGA- 7 functions in parallel with LET-502 / ROCK 
and antagonistically with WSP-1 / N-WASP and TOCA-1/ 2/ TOCAl/ 
FBP17. RGA-7 regulates the accumulation and distribution of 
active CDC-42 clusters at the junctions between adjacent leading 
cells and between contralateral leading cells. Our data suggest 
that spatial regulation of active CDC-42 at the cell-cell junctions 
by RGA-7 plays an important role in the ability of leading cells to 
migrate collectively towards the ventral midline and also regulates 
junction expansion between contralateral cells. 
Results 
RGA-7 is expressed in the hypodermis and con trois ventral 
enclosure in a ce/1-autonomous manner 
To gain a better understandingofthe regulation ofRho GTPases 
duringventral enclosure, we searched for available st rains carrying 
mutations in genes encoding for Rho GTPase regulators and dis-
playing ventral enclosure defects. We obtained a strain carrying a 
577-bp deletion within rga-7 from the C. elegans genetic center 
(CGC), which was previously described as a loss-of-function muta-
tion (Tan and Zaidei-Bar, 2015) (Supplemen tary Figure SlA). We 
observed that rga-7(ok1498) hermaphrodites laid 27.9% ± 3.5% 
SEM dead embryos (n = 227; Figure l A). lmaging rga-7(ok1498) 
embryonic development revealed that 62 .9% (34 out of 54) of 
embryos displayed morphogenie problems during late embryogen-
esis: 9.3% (5 out of 54) of the embryos arrested theirdevelopment 
during ventral enclosure (Figure l B, D and Supplementary Video 
51); 11.1% (6 out of 54) arrested during elongation (arrow; 
Figure l B, E and Supplementary Video 52) ; and 37% (20 out of 
54) displayed slowventral enclosure-deAned as ventral enclosure 
that lasted for > 1 h at25•c but hatched an d developed into adults 
(Figure l B). A sm ali proportion ofembryos arrested be fore morpho-
genesis (7.4%; 4 out of 54 ; Figure l B) an d 3.7% (2 out of 54) dis-
played spherical eggshells an d died at various stages of 
embryonic development (eggshells defects; Figure l B). Finally, 
31.5% (17 out of 54) developed normally into adults and did not 
display any of the above phenotypes. 
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figure 1 rga-7 contrais ventral enclosure. (A) Percentage ofembryonic lethality (Emb) is measured foreach indicated genotype. (B) Percentage of 
embryonic defects is indicated for each genotype. (C- G) Embryonic development progress for I'Jt (C), rga-7(ok1498) (0 and E), 
rga-7(ok1498};sajls22[rga-7p: :rga-7::GFP](F), and rga-7(ok1498);sajls20[/in-26p::rga-7::GFP] (G). Ti me= 0 min corresponds ta the ti me when 
leading ce lis start ta be observable ventra l! y (arrows) . Expression pattern of RGA-7::GFP in sajls22[rga-lp::rga-7::GFP]animals duringventral en-
closure (H); earl y elongat ion (1) and late elongation Ol -Arrow in 1 indicates tubular structu res enriched in RGA-7::GFP. Scale bar, 10 fl-m-
We crossed rga-7(ok1498} hermaphrodites with wild-type (wt) 
males and found that the ven tral enclosure defects observed in 
rga-7 mutant embryos are due to zygotic requirements for the gene 
(see Supplementary data and Rgure 516). We also tested whether 
rga-7 loss-of-function was responsible for the embryonic lethality 
(Emb) phenotype observed in ok1498-canrying animais using rescue 
experiments. To do so, we characterized the molecular structure 
and expression of rga-7 in embryos (see Supplementary data and 
Figure SlA, C, and D). This revealed that rga-7 codes for three tran-
scripts with the two larger ones, rga-71 and rga-7m, detected in 
embryos (see Supplementary data and Figure S1A, C, and D). 
We then generated transgenic animais carrying sajls22{rga-7p:: 
rga-7::GFP; unc-119R}, driving the expression of a fusion protein 
between RGA-7 and the green fluorescent protein (GFP) under the 
control of the rga-7p endogenous promoter (Supp lementary Figure 
S2A, see Materials and methods). RGA-7::GFP was delectable in 
seve rai ce lis of the embryo duringventral enclosure where it accumu-
lated as perinuclear punctate structures (Rgure l H). RGA-7::GFP was 
more tubular du ring early elongation (arrow; Figure 11). During late 
elongation, it was mainly expressed in the dorsal and ventral hypoder-
mal cells where it organized itself into stripes reminiscent of 
filamentous actin bundles (Chisholm and Hardin, 2005) (Figure t l). 
RGA-7::GFP was also expressed in a wide range of cells in larvae 
and adults including the hypodermis, head and tail neurons, and 
spermatheca (Supplementary Figure 526-D, respectively). Embryos 
expressing sajls22 did not present any significant Emb or significant 
delay during ventral enclosure compared with wild-type (wl) 
embryos (Figure l A and 6). When expressed in rga-7(ok1498) 
hermaphrodites, this transgene fully rescued rga-7(ok1498)-
associated Emb and ventral enclosure defects (Figure l A, B, and F) _ 
Our results suggest that the mutation in rga-7(ok1498) is responsible 
for the ventral enclosure defects observed in the mutant strain and 
that sajls22 expresses functional RGA-7 prote in. 
Ventral enclosure defects arise in embryos carrying mutations in 
genes required either in the hypodermis for their migration or in the 
underlying neuroblasts (Chisholm and Hardin, 2005). To assess 
whether rga-7 is required in the hypodermis duringventral enclosure, 
we generated transgenic animais expressing RGA-7::GFP under the 
control of the hypodermal-specific promoter lin-26p (;;ajls2/XIin-
26p::rga-7::GFP; unc-119R]; Supplementary Rgure S2A). rga-7 
(ok1498) mutant embryos expressing this transgene did not display 
any Emb phenotypes or ventral enclosure defects (Rgure 1A, 6, G 
and Supplementary Video 53), suggesting that the function of rga-7 
is required in the hypodermal ce lis during ventral enclosure. 
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Figure 2 RGA-7 is a GAP for CDC-42 and RH0-1 and contrais ventral enclosure in an antagonistic manner with WSP-1 and in pa ralle! with LET-502. 
(A) The rate of GTP remaining bound on recombinant GTPases after 5 min incubation in the presence of 10 or 100 nM of recombinant GAP domain 
of RGA-7 compared with control (0 nM RGA-7) is indicated. (B) Percentages of embryonic defects for indicated genotypes. Phenotypes indicated 
by different shades of grey are associated to embryonic lethality. (C- 1) Embryonic development progress from ti me= 0 min corresponding to 
the time when leading cells start to be observable ventrally (arrows) for wt (C), wsp-1(gm324) (0 and E), let-502(sb118ts) at 25.5°( 
(f), rga-7(ok1498);wsp-1(gm324) (G), and rga-7(ok149B) ;Iet-502(sb118ts) at 25.SOC (H, 1) . Scale bar, 10 f.Lm. *t-test P-value < 0.05. 
RGA-7 is a GAP {or CDC-42 and RH0-1 and con trois ventral 
enclosure in an antagonistic manner with WSP-1 / N· WASP / WASp 
and in para/le/ with LET-502/ ROCK 
RGA-7 contains a RhoGAP domain that may play an important raie 
duringve nt rai enclosure. To assess the specificity ofRGA-7 GAP activ-
ity, we tested the ability of the recombinant RhoGAP domain ofRGA-7 
to catalyse the GTPase activityofthe six Rho GTPases identified in the 
C. elegansgenome (Figure 2A; see Materials and methods). We fou nd 
that the RGA-7 GAP domain had significant GAP activity towards 
CDC-42 and, to a lesser extent (~ to x less), towards RH0-1 / RhoA, 
but it did not have any significant GAP activity towards the other 
GTPases tested (Figure 2A) . We then assessed whether RGA-7 regu-
lates CDC·42 and/ or RH0-1 during ventral enclosure. Maternai 
disruption of cdc-42 and rho-1 causes defects during earty embryo-
genesis because they are required force li polarity and/ or cytokinesis 
(l<umfer et al., 2010). Therefore, we assessed the requirement of 
RGA-7 function during ventral enclosure by monitoring genetic 
interactions between rga-7(ok1498) and mutants of CDC-42 and 
RH0-1-specific effectors shown to control ventral enclosure: 
W5P-1/ N-WA5P/ WA5p and LET-502/ ROCK (5awa et al., 2003; 
Sawa and Takenawa, 2006; Fotopoulos et al., 2013) . wsp-1(gm324) 
and let-502(sb118ts) alleles have been described as null and/ or 
strong loss-of-function alleles at 200C and 25.SOC, respectively 
(Withee et al. , 2004; Lin et al., 2012) . Embryos carrying wsp-1 
(gm324) displayed slow ventral enclosure, ventral enclosure arrest, 
and arrest du ring early elongation with internai ce lis extnuding from 
the embryos as observed by DIC microscopy (Figure 2B, D-F and 
5upplementary Video 54). As expected, in light of the known func-
tions of /et-502 during early embryogenesis, ventral enclosure, and 
elongation (Piekny et al., 2000; Fotopoulos et al., 2013), 25% of 
embryos carrying /et-502(sb118ts) and grown at 25.5°( arrested 
their development during ventral enclosure, and 70.6% (9 out of 
12) displayed slow ventral enclosure defects and were arrested 
as non-elongated larvae (Figure 2B; 5upplementary Video 55) . 
lnterestingly, rga-7(ok1498); wsp-1(gm324) developed normally 
with no visible ventral enclosure defects (Figure 2B, G and 
5upplementary Video 56). On the other hand, our results show that 
let-502(sb118ts) is synergistic with rga-7(ok1498); double-mutant 
embryos at 25.SOC were 80.4% Emb (n = 51), with 25 .5% of 
embryosarrestingatan earlystage ofventral enclosure, 41.2% arrest-
ing during early elongation with internai cells extruding from the 
embryos (Figure 2B, H, 1 and 5upplementary Video 57), and 13.7% 
dying at pre-morphogenie stages (Rgure 2B) . These data suggest 
that rga-7 functions antagonistically with wsp-1 and in parallel with 
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figure 3 rga-7controls the protrusive activity ofleading cells duringventral enclosure. Time- lapseconfocal microscopyofventral enclosure in wt(A) , 
and indicated genotypes (B- H) . Except lin-26p::CFP::CDC-42 (E) and lin-26p::CFP::RH0-1 (f), ali strains expressed a lin-26p::VAB-10(ABD)::GFP 
trans gene. The protrusion measured ta calcula te the protrusion rate is indicated by a thick li ne in the right panel of each ti me course. Scale bar, 
10 1-1-m. (1) Schematic representation of an embryo indicatlng measured protrusions (thick li ne) and cell width (thin !ines) for leadi ng cells and 
pocket cells O. 1() . Viol in plots re present the distribution of protrusion rate for leading ce lis (LC; J) and pocket ce lis (PC; 1() for animais of indicated 
genotypes. Li nes indicate average protrusion rate for wtand rga-7(ok1498) embryos. Number of quantified embryos is indicated for each genotype. 
* t-test P-value < 0.001 vs. wt, #t-test P-value < 0.02 vs. rga-7(ok1498). 
/et-502 duringventral enclosure. The se data also support the hypoth-
esis that rga-7 may function in the cdc-42/ wsp-1 pathway and in par-
alle! with rho-1 / let-502 during ventral enclosure . The fact that rga-7 
and wsp-1 mutants display similarventral enclosure defects and mu-
tually rescue each other is intriguing. 
N-WASP/ WASp was shown in severa! systems to be involved in 
feed-forward loops promoting Cdc42 activation by GEFs (Hussain 
et al., 2001 ; Kovacs et al., 2011 ; Humphries et al., 2014) . ln light 
of this, we hypothesize that du ring ventral enclosure, WSP-1 and 
RGA-7 control CDC-42 activation and inactivation, respectively . 
Following this hypothesis, the balance ofCDC-42 cycling and con-
sequently its function may be restored in the rga-7;wsp-1 double 
mutant, although it would be reduced compared with wt. 
RGA-7 controls the formation ofactin-rich protrusions 
at the /eading edge of /eading ce/ls 
To gain a better understandingofthe cellular function ofrga-7, we 
assessed whether it con trois the fonmation of actin-rich protrusions 
at the leading edge of leading cells du ring ventral enclosure, as 
demonstrated for wsp-1 (Sawa et al., 2003). To do so, we expressed 
the filamentous actin-binding probe lin-26p::VAB-10(ABD}::GFP 
in hypodermal cells of wt (Supplementary Video 58) or mutant 
animais (5upplementary Videos 59 and 510) and measured the 
size of protrusions in leading (LCs; anterior - Figure 31) and pocket 
cells (PCs; posterior- Figure 31) as previously described (Sheffield 
et al., 2007). Briefly, the length of the protrusions formed by the 
LCs (red thick line; Figure 3A- I) was measured, as weil as the 
width of these cells (Figure 31). The protrusion rate of leading 
ce lis was then calculated as the length of protrusions vs. the width 
of these cells. 5imilar measurements were made for the pocket 
cells. Beth wsp-1(gm324) and rga-7(ok1498) embryos displayed a 
significant reduction in the LC protrusion rate compared with wt 
embryos (t-test P-values = 10- 11 and 10- 14, respectively; 
compare Figure 3A with Band C; Figure 3]), but did not dis play any 
change in their PC protrusion rates (Figure 3K). rga-7(ok1498); 
wsp-1(gm324) double-mutant embryos displayed a significantly 
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increased protrusion rate for the LCs compared with rga-7(ok1498) 
and wsp-1(gm324) animais (t-test P-values = 10- 8 and 10-12, re-
spectively; Figure 3J), though still significantly lower compared 
with wt embryos (t-test P-value = 0.002; Figure 3J). ln addition, 
white rga-7(ok1498); wsp-1{gm324) embryos enclosed faster than 
single mutants (compare Figure 3D with B and C), they were still 
delayed when compared with wt embryos (compare Figure 3D with 
A) . These data suggest that rga-7 and wsp-1 control the formation 
of actin-rich protrusions in the LCs in an antagonistic mann er. ln add-
ition, the loss of both rga-7 and wsp-1 functions only partially 
restored the ability of the LCs to form actin-rich protrusions and to 
migrate towards the ventral midline. 
5ince RGA-7 may negatively regulate CDC-42 activity during 
ventral enclosure, and W5P-1 activity may depend on active 
CDC-42 and/ or promote its activation, we propose that the mis re-
gulation ofCDC.42 activity should cause ventral enclosure defects 
similar to those seen in rga-7{ok1498) and wsp-1{gm324) 
embryos. Overexpressing CFP::CDC-42 in hypodermal cells using 
the lin-26p promotertriggered a significant reduction in the protru-
sion rate of LCs (t-t est P-value = 10- 6 ; Figure 3J), white causing a 
significant increase in the PC protrusion rate when compared 
with wt embryos (t-test P-value = 10- 6; Figure 31(). Moreover, 
CFP::CDC-42-expressing embryos had delayed ventral enclosure 
compared with wt embryos (compare Figure 3E and A), and 
72.2% of them (13 out of1S embryos) failed to complete ventral en-
closure. lnterestingly, overexpression of CFP::RH0-1 in hypoder-
mal cells did not significantly alter the LC protrusion rate 
(Figure 3F and J), but significantly increased the PC protrusion 
rate (t- test P-value = 10- 11 ; Figure 31(). Moreover, the LCs of the 
CFP::RH0-1 embryos migrated in a similar manner as the LCs of 
wt embryos, wh ile the PCs were de layed (compare Figure 3F and 
A). 5upporting the predominant rote of CDC-42 regulation over 
that ofRH0-1 du ring LC migration, the average intensity ofoverex-
pressed CFP::RH0-1 was ~ 1.67-fold as high as CFP: :CDC-42 
(5upplementary Figure 53A). These data suggest that misregula-
tion of CDC-42, but not of RH0-1, may be responsible for the 
reduced protrusion rate of LCs in rga-7(ok1498) embryos. 
The F·BAR proteins TOCA1/ FBP17 and their orthologs in 
C. elegans, TOCA-1 and TOCA-2, control actin cytoskeleton remo del· 
ling and membrane trafficking together with W5P·1/ N-WASP/ WASp 
and CDC-42 (Pichot et al., 2010) . We then assessed whether rga-7 
antagonizes toca-1 / 2 functions during ventral enclosure, similar to 
wsp-1. To do so, wesubmitted rga-7{ok1498) and wtanimalsexpres-
sing VAB-10(ABD): :GFP to RNAi against toca-1 and toca-2 and mea-
sured the protrusion rate of LCs and PCs during ventral enclosure. 
toca-1j 2{RNAi) embryos did not display any change in their LC pro-
trusion rate relative to wtembryos (Figure 3J), but the protrusion rate 
of PCs was significantly higher Ct-test P-value = 0.0009; Figure 31(). 
However, the protrusion rate of LCs was significantly increased in 
rga-7(ok1498); toca-1 j toca-2(RNAi) compared with rga-7(ok1498) 
animais (t-test P-value = 0.006; Figure 3]). These data suggest 
that rga-7 contrais the formation of actin-rich protrusions in the 
leading cells in an antagonistic manner with wsp-1 and toca-1 / 2, 
possibly by regulating CDC-42 activity. ln addition , in the absence 
of both rga-7 and wsp-1 / toca-1 / 2, a parallel pathway drives the 
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formation of actin-rich protrusions in LCs, which is slightly less 
efficient than the rga-7j wsp-1 pathway(s). 
RGA-l::GFP is recruited to ce/1-ce/1 junctions 
To better understand the molecular function ofRGA-7 in leading 
cellsduringventral enclosure, we assessed its subcellular location 
in these cells. To do so, we used embryos expressing RGA-7: :GFP 
and the actin-binding probe VAB·10(ABD) ::mCherry under the 
control of the hypodermal promo ter lin-26p (Figure 4). Asobserved 
in transgenic animais expressing RGA·7::GFP under the control of 
its own promoter (Figure 1H), the fusion protein was found 
mainly at punctate and tubular structures within the cytosol of 
ventral hypodermal cells during ventral enclosure (Figure 4) . lt 
was also excluded from the actin-rich protrusions observed at the 
leading edges of both leading and pocket cells (orange line; 
Figure 4A and B). We measured RGA-7::GFP intensity along the 
junction located between adjacent leading cells (dashed arrow; 
Figure 4C), and identified two subdomains: the distal junction 
located within 4 iJ..m from the edge of the junction (light blue li ne ; 
Figure 4A) and the proximal junction located between 4 and 
7 f.l.m from this edge (dark blue li ne; Figure 4A). RGA-7 ::GFP was 
excluded from distal junctions (Figure 4C) and was fou nd to form 
clusters with variable intensities along the proximal junction 
(Figure 4C) . During the later stages of ventral enclosure, we 
measured the levels of RGA-7::GFP at new junctions that form 
and expand between contralateral neighbouring cells (red line; 
Figure 4A) . RGA·7::GFPwas excluded from expanding junctions im-
mediately after collision ofcontralateral ce lis (Figure 4D and F) and 
was found to form clusters with variable intensities along the 
junction in fully enclosed embryos (Figure 4E and G). These data 
suggest th at RGA- 7: :GFP is recruited to proximal junctions 
between adjacent leading cells and at a late stage of junction 
formation between contralateral cells. 
RGA-7 promotes the accumulation of active CDC-42 to proximal 
junctions between adjacent leading ce/ls 
ln light of the subcellular localization of RGA·7::GFP at proximal 
junctions and the known function ofW5P-1 in actin cytoskeleton re-
mode lling, we measured the accumulation ofF-actin along the june-
tians between adjacent leading cells. We fou nd that rga-7, wsp-1, 
and toca-1/ 2 control the accumulation of F-actin at the distal june· 
tians (see 5upplementary data and Figure 54). These data also 
reveal that the parallel pathway driving the formation of actin-rich 
protrusions in LCs in rga-7(ok149B);wsp-1 and rga-7(ok1498); 
toca-1 j 2(RNA0 dou ble-mutantsdoes not drive F-actin accumulation 
at distal junctions as efficiently as rga-7 j wsp-1 j toca-1 / 2 pathway(s) 
(see 5upplementary data and Figure 54) . 
We th en determined whether RGA-7 contrais the activation levels 
of CDC-42 at proximal and distal junctions. To do this, we first 
assessed the distribution of hypodermally expressed CFP::CDC·42 
atjunctions between adjacent LCs (Rgure SA and B; arrow head indi-
cates distance= 0 iJ..m). We observed that CFP: :CDC-42 accumu-
lates at proximal junctions rather than distal junctions (Figure SB 
and C) . We then expressed a probe in hypodermal cells that con tains 
the Cdc42/ Rac interactive binding (CR lB) domain of W5P-1 fused 
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Figure 4 RGA-7::GFP is located at intracellular compartments and recruited ta cell - cell junctions. (A) Schematic representation of embryos 
du ring ventral enclosure. The leading edge, distal junctions, and proximal junctions between adjacent cells (left panel) as weil as expanding 
junctions between contralateral cells (right panel) are indicated. (B- G) Z-projection confocal images for sajls20[/in-26p::rga-7::GFP]; 
mcls40{/in-26p:: VAB-10(ABD) ::mCherry + myo-2p::GFP] embryos du ring ventral enclosure. RGA-7::GFP (left panel) and F-actin-binding probe 
(middle panel) are shown at leading edge of pocket cells (B), distal and proximal junctions between adjacent leading ce lis (C) , embryo and expand-
ing junctions between colliding contralateralleading cells (D and f), fully enclosed embryo and fully expanded junctions between contralateral 
cells (F and G) . Plain arrow in G represents RGA-7: :GFP at intracellular tubular structures. Scale bar, 10 1-'-m (D andE) and 2 1-'-m (B, C, F, and G). 
Da shed arrows indicate the line-scans used ta generate the intensity plots associated to each panel (B, C, F, and G) . n = number ofembryos sub-
mitted ta this analysis; 3- 10 measurements were do neper embryo. 
with mCherry, which was previously shawn ta specifically detect the 
active form ofCDC-42 (Kumfer et al., 2010). We expressed this probe 
together with VAB-10(ABD)::GFP in wt and rga-7(ok1498) animais. 
WSP-1(CRIB)::mCherry accumulated at junctions between adjacent 
LCs and PCs (Figure SD). 1 nterestingly, this probe was enriched at 
the proximal junctions between adjacent LCs (arrow; Figure SD 
and E) and was significantly reduced in rga-7(ok1498) embryos 
(one-way ANOVA; genotype effect, distance between 4 and 6 IJ.m ; 
P-value = 10- 14; Figure SD and E) . These data suggest that RGA-7 
is required for the accumulation of active CDC-42 at proximal 
junctions between adjacent leading ce lis. 
The accumulation of CDC-42 at subdomains of the plasma mem-
brane is regulated by CDC-42-specific GAPs and GEFs (Park and Bi, 
2007 ; Harris and Tepass, 2010) . Although counter-intuitive, si nee 
loss-of-function of a CDC-42-specific GAP would be expected to 
lead to an accumulation of active CDC-42, our data, using both 
CFP::CDC-42- and WSP-1(CRIB) ::mCherry-expressing animais, are 
consistent with a raie for RGA-7 in regulating the localization of 
CDC-42 at cell-cell junctions. Unfortunately, we were unable to 
create transgenic tines expressing CFP::CDC-42 in rga-7(ok1498) 
likely as a result of synthetic lethality. These data suggest that 
RGA-7 contrais the accumulation of active CDC-42 at proximal 
junctions, presumably by regulating the targeting of CDC-42 at 
this specifie location. 
RGA-7, WSP-1, and TOCA-1 /2 control junction expansion 
between contralatera/ cel/s 
1 n the initial phase ofepithelial cell-celljunction formation, Rac1 
and Cdc42 are activated and control the expansion of the junctional 
surface through N-WASP/ WAVE2/ Arp2 / 3-mediated actin polymer-
ization (Citi et al., 2014). They also promote directed targeting of 
membrane vesicles to cell junctions and the accumulation of 
junctional pro teins (Ci ti et al., 2014) . Considering the gene tic inter-
action ofrga-7and wsp-1 duringventral enclosure (Figures 2 and 3) 
and the recruitment ofRGA-7:: GFPto expandingjunctions between 
contralateral ce lis upon enclosure (Figure 3A, F, and G), we deter-
mined the function ofrga-7, wsp-1, and toca-1 / 2 duringthe expan-
sion of these junctions. 
We monitored the accumulation of filamentous actin (F-actin) 
at expanding junctions between contralateral leading cells (red 
tine, Figure 4A) in embryos expressing the actin-binding 
probe VAB-10(ABD) :: mCherry together with the junctional marker 
AJM-1: :GFP (Figure 6A). F-actin began accumulating at the site of 
collision between contralateral leading cells before AJM-1 ::GFP 
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Figure 5 rga-7 con trois the accumulation of activated CDC-42 at the proximal junctions between adjacent leading ce lis. (A) Schematic represen-
tation of embryos indicating the location of the distal and proximal junctions between adjacent leading cells. (B) Transgenic embryo expressing 
CFP::CDC-42 in the hypodermis. Arrowhead indicates the reference point ofintensity plots (distance= 0 fLm in C) . (C) lntensity plot showing the 
accumulation of CFP:;CDC-42 along the distal and proximal junctions between adjacent leading cells. (D) Spatial distribution of activated 
CDC-42-binding probe (WSP-1 (CRIB)::mCherry respectively) in wt and rga-7(ok1 498) embryos du ring ventral enclosure (left panel) and in fully 
enclosed embryo (right panel) . Scale bar, 10 fLm . Arrows indicate the proximal junctions between adjacent leading ce lls. (E) Quantification of 
WSP-l(CRIB) ::mCherry accumulation along the junctions between adjacent leading cells in wt and rga-7(ok1498) animais (distance= 0 is 
located at the leading edge of the distal junction). Student's t-test P-values are indicated. n = number of embryos quantified. 
(ti me = 0 min; Figure 6A) . AJM-l ::GFP started to accumulate at 
the expanding junctions between 6 and 8 min post-collision 
(Figure 6A). 8y following F-actin, we measured changes in the 
length of the expanding junctions over time in wt and mutant 
embryos expressing the actin-bind ing probe VA8-10(A8D): :GFP 
(arrows; Figure 6A) . The arrows in Figure 6A indicate the extremities 
of the line-scans used to perform these measurements. We also 
used the se values to calcu late the expansion rate of mutants vs. wt 
embryos (Figure 6C; emptycells indicate an expansion rate not signifi-
cantly diffurent th an 1; two-way ANOVAwithout interaction; genotype 
effect P-value > 0.05). This analysis revealed that in wsp-1(gm324) 
embryos, junction expansion was significantly reduced between 2 
and 6 min afl:er collision compared with wt embryos (Figure 68 and 
C; one-way ANOVA; P-value = 0.006) and accelerated between 8 
and 16 min (Figure 68 and C; one-way ANOVA; P-value = 0.0004). 
From 8 min afl:er collision, junctions expanded 1.5 to 1.7-fold faster 
in rga-7(ok1498) mutants and 13 to 1.6-fold faster in toca-1 / 
2(RNAi) than in wt embryos (one-way ANOVA; P-value = 1.92 x 
10- 8 and 5.7 x 10- 8, respectively; Figure 6A-Q. rga-7(ok1498); 
wsp-1(gm423) and rga-7(ok1498); toca-1 f 2(RNAi) embryos dis-
played expansion rates similar to wt embryos (Figure 68 and C). 
These data suggest th at wsp-1 promo tes junction expansion at an 
earty stage ofjunction formation (up to 8 min a ft er cell collision) as 
shawn in mammals (Ci ti et aL, 2014) , and subsequently displays an 
anti-expansion function together with rga-7 and toca-1 / 2. ln add-
ition , rga-7 antagonizes wsp-1 and toca-1 an ti-expansion functions. 
We also measured F-actin accumulation du ring junction expan-
sion between contralateral LCs in wt and mutant animais (see 
Supplementary data and Figure 55A) . This analysis reveal that CO 
rga-7, wsp-1, and toca-1/ 2 control the accumulation of F-actin at 
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Figure 6 rga-7, wsp-1, and toca-1 / 2 regulate the expansion of the junctions between contralateralleading ce lis. (A) Time-lapse confocal images 
showing the junction expansion from collision between contralateral leading cells (0 min), in wt animais expressing AJM-1::GFP; 
VAB-10(ABD}::mCherry as weil as wt and rga-7(ok1 498) animais expressing VAB-10(ABD}::GFP probes. Arrows indicate the edge of expanding 
junctions. (B) Average size ofjunctions between contralateralleading ce lis for wtand mutant animais expressing VAB-10(ABD}::GFP probe at indi-
cated times aftercollision (ti me= 0 min) . Errer bars indicate SEM. (C) This table contains ratio ofjunctionsize for mutants vs. wtforeach ti me point 
(see Materials and methods). Ratio higher than 1 orlowerthan 1 indicate thatcell - celljunctions expand significantly fasteror slower, respectively 
in mutant than in wt. White cells indicate that the size of the junctions of mutant and wt are not significantly different. 
these junctions in a synergistic manner; and CiO F-actin accumula-
t ion is regulated differently by rga-7, wsp-1, and toca-1 / 2 at 
distal junctions between adjacent LCs and at expanding junctions 
between contralateral ce lis. 
RGA-7 con trois the accumulation and distribution of active CDC-42 
at cel/ junctions 
Given that RGA-7 promotes the accumulation of active CDC-42 
at proximal junctions between adjacent leading cells (Figure 50), 
we measured this accumulation at expand ing junctions between 
contralateral leading cells (red line ; Figure 4A) in wt and 
rga-7(ok1498) embryos. To do so, we measured the accumulation 
of the WSP-1 (CRIB): :mCherry probe across the expanding june-
tiens identified with the VAB-10(ABD) ::GFP marker (dashed 
yellow line; Figure 7A) . This analysis revealed that WSP-1 
(CRIB)::mCherry accumulated significantly less at expanding june-
tiens in rga-7(ok1 498) embryos than in wt (Figure 78; t-test 
P-value = 0.005). This suggests that RGA-7 promotes the accu-
mulation of active CDC-42 at expan ding junctions between contra-
lateral leading cells. 
We th en assessed the d istribution of RGA- 7::GFP fusion protein 
at a la te stage of junction expansion (> 8 min after collision) . This 
analysis revealed that RGA-7: :GFP was centrally pos itioned wi thin 
the expanding junctions (Figure 7C)-RGA-7: :GFP was excluded 
from the demains of the junctions located on average 1.94 f-Lm ± 
0.323 SEM from the anterior and the poste ri or extremities of the 
expanding junctions (measured on 6.26 to 9.8 f-Lm·wide expanding 
junctions; n = 6 embryos; Figure 7C). 
Ourstudy reveals that F-actin, RGA-7::GFP, and active CDC-42 form 
clusters ofvariable intensities along cell-cell junctions (Figures 4C, G 
and 7A, C). We then investigated the distribution of these clusters 
at cell-cell junctions in wt and rga-7 mutant animais (see Materials 
and methods). Measurement of the average distance between 
RGA-7: :GFP and F-actin clusters (A-G; Figure 7E) revealed that this dis-
tance was significantly lower than the distance observed between 
F-actin clusters (A-A; Figure 7E; t-test P-value < 0.00018) and 
between RGA-7::GFP clusters (G-G; Figure 7E; t-test P-value < 
6.9 x 10- .5J at expanding, distal, and proximal junctions (Figure 70 
and E). This suggests that RGA-7::GFP accumulates close to F-actin 
clusters at cell-cell junctions. 
Similarly, analysis of the distribution of WSP-1(CRIB)::mCherry 
clusters revealed that they were aise distributed in close proximity 
to F-actin clusters in wt animais (A-C; Figure 7F; t- test between 
A-C and C-C P-value < 0.003). Moreover, the average distance 
between WSP-1(CRIB)::mCherry and F-actin clusters did not 
significantly vary between wt and rga-7(ok1498) mutant animais 
(Figure 7G; t-test P-value > 0.05). This suggests that active CDC-42 
accumulates close to F-actin clusters and that rga-7 function is not 
required to ensure this relative positioning. 
lnterestingly, while the average density of WSP-l (CRIB): : 
mCherry (defined as the number ofclusters per micrometer ofjunc-
tion, clusters/ f.Lm; Figure 7H) was similar at ali junctions in wt 
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animais, this density was significantly higher at distal junctions in 
rga-7(ok1498) animais (Figure 7H; t-test P-value = 0.012). This 
suggests that RGA- 7 inhibits the formation / maintenance of 
active CDC-42 clusters at distal junctions between adjacent LCs. 
ln addition, the average distance between WSP-l (CRIB) ::mCherry 
clusters was significantly higher at the expanding junctions in 
rga-7(ok1498) mutants compared with wt (C-C; t-test P-value = 
0.004; Figure 7H) . This suggests that rga-7 is required ta main tain 
the relative d istribution of active CDC-42 clusters at the expanding 
junctions. 
Ali together, these data suggest that beth RGA-7 and active 
CDC-42 are targeted to the vicinity of F-actin clusters at the prox-
imal, distal, and expanding junctions. The distribution ofthese pro-
teins relative to F-actin clusters may not specifically involve RGA-7 
function. However, RGA-7 may negatively regula te thespreadingof 
active CDC-42 clusters through inhibiting the generation / mainten-
ance ofthese clusters at distal junctions between adjacent leading 
ce lis and maintaining the relative distance between clusters at new 
junctions expanding between contralateral cells. We hypothesize 
that RGA-7 functions in restricting active CDC-42 to specifie 
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do mains within both the junctions between leading cells undergo-
ing collective migration, as well as newly formed and expanding 
junctions. 
Discussion 
Here, we show that rga-7 gene codes for a RhoGAP with a GAP 
activity that is specifie to CDC-42 and RH0-1/ RhoA. We also 
propose that RGA-7 controls the spatial distr ibution of active 
CDC-42 at the junctions between leading cells during the ir collect-
ive migration towards the ventral midline and at the junctions 
forming and expanding between contralateralleading cells. 
ln this function, RGA-7 is required in hypodermal cells, in parallel 
with the RH0-1' s effector LET-502/ ROCK. More specifically, RGA-7 
controls the formation ofactin-rich protrusions at the front ofmigrat-
ing leading cells in a mann er that is antagonistic with the CDC-42' s 
effector WSP-1/ N-WASP and the CDC-42-interacting proteins 
TOCA-1 / 2/ Toca1 / FBP17. lt also functions in parallel with a 
pathway that is only functional in the absence of the combination 
of RGA-7 and WSP-1 or RGA-7 and TOCA-1 / 2 (Figure BA) . RGA-7, 
WSP-1, and TOCA-1 / 2 modulate the accumulation of F-actin at the 
junctions between adjacent leading cells during their migration-
an accumulation inefficiently promoted by the parallel pathway iden-
tified above (Figure BA) . lmportantly, our study reveals th at RGA-7 is 
recruited to proximal junctions between adjacent leadingcells where 
it promotes the accumulation of active CDC-42.1t also inhibits the ac-
cu mulation of activated CDC-42 at distal junctions located doser to 
the leading edge of migrating cells (Figure BA). 
The characterization of the functional rotes ofRGA-7, WSP-1, and 
TOCA-1 / 2 during the formation of new junctions between contralat-
eralleading cells reveals that: CO WSP-1 promo tes the expansion of 
these junctions at an early stage of the junction formation independ-
ently ofTOCA-1/ 2 or RGA-7 ( < 8 min after collision; Figure SB) ; (iO 
when junctional proteins start to accumulate at the junctions 
(:::;8 min after collision; Figure SB), the functions of RGA-7, WSP-1, 
and TOCA-1/ 2 tend to reduce the rate of expansion of the junctions 
in an antagonistic manner and in parallel with a pathway that 
remains to be identified. At this specifie stage, RGA-7 promotes 
the accumulation of active CDC-42 clusters at the junctions and 
negatively regulates the ir spreading during the expansion process. 
RGA-7 was recently shown to regulate embryo expulsion from 
spermatheca through the regulation of RH0-1 / RhoA activity 
(Tan and Zaidel -Bar, 2015). This function is supported by the alle-
viatingj epistatic interaction observed between rga-7(ok1498) and 
/et-502 hypomorphic allele in this system (fan and Zaidel-Bar, 
2015). We showed that rga-7 controls ventral enclosure synergis-
tically with /et-502 and antagonistically with wsp-1 and toca-1/ 2, 
suggesting th at RGA-7 regulates the GTPase activity of CDC-42 in 
the hypodermis du ring ventral enclosure. This hypothesis is also 
supported by the observation that overexpression of CDC-42 but 
not RH0-1 displays similar migratory defects of leadi ng cells as 
rga-7loss-of-function. 
Most RhoGAPs present GAP specificity towards seve rai GTPases 
Oenna and Lamarche-Vane, 2003). They usually display a more 
stringent specificity in vivo than in vitro Oenna and Lamarche-
vane, 2003), demonstrating a clear preference for a particular 
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GTPase. However, few RhoGAPs display a specifie GAP activity 
towards severa! GTPases in vivo. For instance, Rga4 contrais cell 
polarity and morphogenesis of Schizosaccharomyces pombe 
through regulation of Cdc42 GTPase activity and cell i ntegrity and 
cell separation through regulation of Rho2 (Cansado et al., 
2010). Recent data, indu ding ours, suggest that RGA-7 regulates 
the GTPase activityofRH0-1 in spermathecaduringembryosexpul-
sion to the uterus (fan and Zaidel-Bar, 2015) and CDC-42 during 
ventral enclosure. lnterestingly, RGA-7 exhibits almost 10-times 
more GAP activity towards CDC-42 than RH0-1 in vitro, and is 
more expressed in the spermatheca of adults th an in the hypoder-
mis of embryos during ventral enclosure (Supplementary Figure 
S2D). This suggests th at RGA-7 GAP specificity may be, at least par-
tial! y, regulated by its expression levet. White genetic interaction 
with /et-502 in the two systems suggests that rga-7 may exhibit 
GAP specificity predominantly towards either RH0-1 or CDC-42, 
the possibility that RGA-7 may regulate the GTPase activity of 
both CDC-42 and RH0-1 in both systems in a spatially restricted 
mann er cannat be excluded. 
As detailed in the introduction, restriction of the Cdc42 activation 
zone depends on exocytosis, endocytosis, feed-forward loops pro-
mo ting Cdc42 accumulation and activation, as well as recruitment 
ofRhoGAPs to li mit the spatial expansion ofactivated Cdc42 clusters 
in yeast (Park and Bi, 2007; Harris and Tepass, 2010). lnterestingty, 
Cdc42 together with the F-BAR protein TOCA1/ TOCA-1 and N-WASP / 
WSP-1 were shawn to control actin-dependent endocytosis ofjunc-
tional pro teins in severa! systems including C. e/egans(Giuliani et al., 
2009). N-WASP was also shawn to participate in feed-forward 
mechanisms promoting Cdc42 activation during endocytosis 
(Hussain et al., 2001; Humphries et al., 2014). 
The efficient cycling ofCdc42 between its active (GTP-bound) and 
inactive (GDP-bond) forms is essen ti al for Cdc42 biological function 
across multiple systems (Fidyk et al., 2006). This is supported by 
experiments with mutants that either black Cdc42 activation 
(guanine-nucleotide exchange activity) or inactivate it (GTP hydroly-
sis activity) but still dis play similar phenotype(s) (Fidyk et al., 2006) . 
An appealing hypothesis that exp lains RGA-7 antagonism with both 
WSP-1 and TOCA-1 / 2 during ventral enclosure is that the 
CDC-42-specific GAP activity of RGA-7 may antagonize WSP-1 and 
TOCA-1 / 2 function during endocytosis at cell junctions as well as 
WSP-1 potential feed-forward function on CDC-42 activation 
through GEFs. This later hypothesis is strongly supported by the ob-
servation that rga-7;wsp-1 embryos complete ventral enclosure sig-
nificantly more efficiently than single mutants but not quite as 
efficiently as wtembryos.lnhibition ofCDC-42-dependentendocyto-
sis at pro xi mal and expandingcell ju nctions by RGA-7 may le ad to the 
accumulation ofCDC-42 at the junctions and explain the observed 
reduction of the accumulation of active CDC-42 at these junctions 
in rga-7 mutants. 
Studies using drugs disrupting actin structures in budding 
yeast revealed that once Cdc42 clustering at the bud site is estab-
lished, exocytic delivery of Cdc42 is required to counteract the 
dispersal of Cdc42 clusters at the plasma membrane mediated 
by actin-dependent endocytosis (Park and Bi, 2007). Inhibition 
of endocytosis by RGA-7 may then reduce the dispersal of 
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active CDC-42 clusters within junctions. This hypothesis also 
accounts for the increased spreading of these clusters from prox-
imal to d istal junctions between adjacent leading ce lis and within 
expanding junctions between contralateral cells in rga-7(ok1498) 
mutants . 
Given the RGA-7::GFPaccumulation at punctate andtubularendo· 
membranes and its recruitment to proximal junctions, we cannat 
exclu de th at RGA-7 may regulate exocytic and for endocytic recycling 
processes. Negative regulation of bath CDC-42-dependent exocyt-
osis and endocytosis by RGA-7 is also an attractive hypothesis that 
may explain the accumulation of activated CDC-42 clusters at 
distal junctions observed in rga-7(ok1498) embryos. Dissection of 
mechanisms that regulate CDC-42-dependent endocytosisand exo-
cytosisj endocytic recycling at the junctions between hypodermal 
cells during ventral enclosure will be required to confirm these 
hypotheses. 
During cell migration , coordination of Rho GTPases involves 
spatial segregation of active RhoA and Cdc42 as shawn in migrating 
fibroblasts (Machacek et al., 2009) an d during wound healing in 
Xenopus oocytes (Benink and Be ment, 2005). This distribution of 
active RhoA at the distal / front ofleading ce lis ofcollectively migrat-
ing cell groups an d ofCdc42 at a proximal j back location campa red 
with RhoA may be evolutionary conserved (Benink and Bernent, 
2005; Reffay et al., 2014). ln this context, the function of RGA-7s 
in spatially controlling active CDC-42 accumulation at proximal 
junctions may contribute to the spatial segregation of active 
RH0-1/ RhoA an d CDC-42/ Cdc42 at cell junctions between 
leading cells and to their ability to drive collective migration 
towards the ventral mid li ne. 
ln conclusion, we show that the CDC-42 and RH0-1-specific GAP, 
RGA-7, contrais the accumulation and distribution of the active 
CDC-42 at restricted sites of the junctions between leading cells mi-
gra ting collectively and during the expansion of new junctions 
forming between contralateral cells. We show that RGA-7 functions 
antagonistically with WSP-1/ N-WASP and TOCA-1 / 2, two proteins 
controlling actin- and CDC-42-dependent endocytosis. Our data 
suggest that spatial restriction ofCDC-42 active zone by RGA-7 is crit-
ical for collective migration ofhypodermal ce lis and important in regu-
lating the dynamics of cell-cell junction formation and expansion. 
Materials and methods 
Strains and culture methods 
Nematodes were maintained under standard conditions at 2o•c 
(Brenner, 1974) . Worm strains carrying the following mutations 
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and markers were obtained from the Caenorhabditis Genetic 
Center (CGC): rga-7(ok1498) Il, wsp-1(gm324) IV, mcls40[/in-26p:: 
VAB-10(ABD}::mCherry + myo-2p::GFP}, mcls50 {lin-26p::VAB-
10(ABD)::GFP + myo-2p::GFP], and jcls1(ajm-1: :GFP, pRF4[rol-6 
(su1006))}. The strain carrying let-502(sb11Bts) 1 was kindly 
provided by Dr Paul Mains (University of Calgary, Calgary, Canada). 
Mutant strains were backcrossed at !east 4 times against wild-type 
(wt) animais prior to analysis. 
Generation of transgenic animais 
Ail transgenic animais were generated through biolistic bombard-
mentofunc-119(ed3) animais, usinga PDS-1000/ He system with the 
Hepta adaptor (Bio-Rad) as previously reported (Berezikov et al., 
2004) . At !east three independent lin es were isolated and character-
ized per construct. sajls22{rga-7p:: rga-7::GFP; unc-11!f1] was gener-
ated through recombination of pDONRP4P1R-rga-7p, containing 
5 kb of the genomic sequence upstream of RGA-7 initiation codon, 
with pDONR201-rga-7 and pMB14. pDONR201-rga-7 contains 
genomic sequence from RGA-7 initiation codon in exon 1 up to 
exon 8 fused to eDNA sequence up to the stop codon of the gene 
located at exon 20. Similarly, sajls20{1in-26p::rga-7::GFP; unc-11!f1] 
was generated through the recombination of pDONRP4P1R-/in-26p 
containing 5 kb of the lin-26 promoter (Martin et al. , 2014), 
pDONR201-rga-7, and pMB14. sajls29[/in-26p::CFP: :rho-1::3'UTR; 
unc-11!f1] and sajls30{1in-26p: :CFP: :cdc42::3' UTR; unc-11!f1] 
were obtained through recombination of pDONRP4P1R-/in-26p, 
pDONR201-CFP-mo-1 or pDONR201-CFP-cdc-42, pCM5.37 contain-
ing the unc54 3'UTR (Addgene), and pCG150 destination vector 
(Addgene). wsp-1 CRIS domain (eDNA coding for 78 amino-acids 
from position 230 to 308 of WSP-1) was cloned in pDONR201 and 
recombined together with pDONRP4P1R-Iin-26p in pULSRG1 (con-
taining attB4-ccdB-attB2 followed by mCherry-pie-1 3' UTR; kindly 
provided by Dr lan Hope, Un iv. Leeds, UK) . The resulting vector was 
used to generate sajls31[/in-26p::wsp-1(CRIB)::mCherry; unc-11!f1} 
transgenic animais. See Supplementary Methods for details. 
Isolation of strains carrying severa/ mutant alle/es and transgenes 
rga-7(ok1498) Il; wsp-1(gm324) IV was generated by crossing 
wsp-1(gm324) IV hermaphrodites with rga-7(ok1498) Il males. 
Mutant animais expressing lin-26p::VAB-10(ABD)::GFP were obtained 
by crossing mutant hermaphrodites with mcls50 [lin-26p: : 
VAB-10(ABD}::GFP + myo-2p::GFP] males. Double-mutant homozy-
gotes and animais carrying two copies of transgenes were isolated 
from the F2 progenies as animais segregating only fluorescent 
progeny and mutant alleles in genomic DNA were identified using 
PCR. let-502(sb11Bts) 1 was maintained at 2o•c, and rga-7(ok149B) 
Il; let-502(sb11Bts) 1 was generated by crossing let-502(sb11Bts) 1 her-
maphrodites with rga-7(ok1498) Il males.let-502(sb11Bts) 1 homozy-
gotes were identified through scoringofembryonic lethality (Emb) and 
larval arrest (Lva) phenotypes at t SCC and 25S C and identification of 
thermosensitive behaviourofisolated populations. pL4440constructs 
containing toca-1 and toca-2 sequences were retrieved from the 
genome-wide RNA interference (RNAQ library (Kamath et al., 2003) 
and confirmed by sequencing. RNAi treatment was done using 
feeding protocol as detailed in Supplementary Methods. 
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Phenotyping mutant animais and 4-dimensional microscopy 
Emb phenotype was seo red after isolation of 10-12 worms on 
NGM agar with OP50 as a source of food. Worms were allowed to 
lay eggs at 2o•c for 5-6 h and were removed from the plate, and 
laid embryos were counted. After 24 h, dead embryos were 
counted to assess Emb. The stage of embryonic arrest was con-
firmed in mutant animais using time-lapse DIC microscopy as pre-
viously described (Martin et al., 2014). Embryos dissected from 
adult hermaphrodites were mounted on 3% agarose pads in M9 
buffer, and coverslips were sealed with drawing gum (Pébéo). 
Elongation was recorded using 4-dimensional microscopy (3D 
and time), which recorded a Z-stack every 2 min during 10 h at 
room temperature or 2s.s• c using a Leica DM5500 microscope 
equipped with a 63 x oil immersion objective upon differentiai 
interference contrast illumination (DIC). Images were captured 
using Leica LAS AF imaging software . These recordings were 
used to assess morphological defects during embryonic develop-
ment. Slow ventral enclosure was identified for embryos complet-
ing their ventral enclosure in > 1 h from the time leading cells 
cou id be observed migrating at the embryo periphery. 
ln vitro GAP activityassay 
To assess the specificity of RGA-7 GAP activity, we expressed a 
His6-tagged RGA-7 GAP domain as a recombinant protein in 
bacteria using pTRcHis gateway converted vector as previously 
reported Oenna et al., 2005). We purified the recombinant protein 
and measured its ability to catalyse the hydrolysis of GTP by the 
six recombinant Rho GTPases identified in the C. elegans genome, 
the Racs CED-10 and RAC-2, the RhoG MIG-2, the Cdc42 CDC-42, 
the RhoA RH0-1, and the atypical Rho GTPase CRP-1, which were 
expressed as recombinant Glutathione S Transferase (GSl}fusion 
pro teins. To do so, we used a filtration assay as previouslydescribed 
ûenna et al., 2005). We measured the amou nt ofGTP-"'{32P remain-
ing bound to the GTPase after 5 min incubation at 2s• c in the 
absence (control condition) or presence of 10 or 100 nM of GAP 
and computed the ratio of GTP-remaining bound on the GTPase 
over the control condition at each concentration of GAP. 
Con focal fluorescence microscopy 
The expression pattern of RGA-7::GFP and its subcellular localiza-
tion in livinganimalswasobserved usinga NikonA1Rconfocal micro-
scope using 100x oil CFI NA 1.45 Plan Apochromat >-.objective. Ali 
images were captured using NJS-Eiements software (Nikon) with a 
pinhole size of85.6 IJ.m, a calibration of0.10 1-'-mf pixel (radial reso-
lution of 0.20 !J.m), and a Z-step of 0.200 IJ.m. Deconvolution was 
done using Autoquant3X, 3D deconvolution software. Orthogonal 
views were generated using Image] software. Dynamic time-lapses 
were achieved by using60 x oil CR NA 1.4 Plan Apochromat A object-
ive on Nikon A1R con focal microscope. lmaging of CFP::CDC-42 and 
CFP::RH0-1 were respectively do ne on sajls29· an d sajls3G-carrying 
embryos bycapturing19-21 Z-planesof0.400 IJ.m each every2 min 
during 40 min. Acquisitions for ruffle ratios were obtained on 
embryos ofother transgenic animais described in the Results bycap-
turing 21 Z·planes of0.400 1-'-m each every 62 sec (no delay) during 
1 h. Acquisition on unc-119(ed3);sajls31[1in-26p::wsp-1(CRIB} :: 
_:; 
"' 0 
"' 
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mCherry];mc/s50{/in·26p:: VAB-10(ABD)::GFP + myo-2p::GFP] and 
rga-7(ok1498);unc-119(ed3); sajls31{/in-26p::wsp·1(CRIB)::mCherry]; 
mc/s50{/in-26p::VAB·10(ABD)::GFP + myo-2p::GFP] were do ne 
using a swept-field confocal microscope with a 100 x ail CFI NA 
1.45 Plan Apochromat À objective. Image and statistical analysis 
were done as deta iled in Supplementary Methods. 
Supplementary material 
Supplementary material is available at }oum al of Mo/ecu/ar Cel/ 
Bio/ogy online . 
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